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CHAPTER 1 

General introduction 

The diversity of life as the result of evolution from a common origin has generated 
considerable interest in the classification of organisms. The accuracy, however, with which 
a phylogenetic tree reflects the relationships among the organisms strongly depends on the 
markers and methods used for comparison. In general, markers that are directly related to 
the nucleotide sequences of a genome are more informative for the determination of 
phylogenetic relationships than are phenotypic properties (157). A nevertheless meaningful 
phenotypic classification was the division of the living world into the major groups of 
prokaryotes and eukaryotes which initially was based on readily detectable phenotypic 
properties such as the pronounced differences in their cellular organization. Only later this 
distinction was confirmed by the identification of comparable molecular characteristics such 
as differences in ribosome structure (159). However, the prokaryote-eukaryote dichotomy 
was based on the comparison of eukaryotic markers with those derived from the model 
bacterium Escherichia coli that was considered as a typical representative of the prokaryotic 
kingdom (159). 

Compared to the phenotypic diversity of eukaryotes, the prokaryotes constitute a group of 
phenotypically relatively homogeneous organisms. This led to the assumption that the 
prokaryotes have a monophyletic origin, i.e. are descendants of a single common ancestor. 
Despite the lack of complex phenotypic markers, prokaryotic systematics was mainly based 
on comparative morphology of cells or colonies, differences in cell-walls revealed by Gram-
staining and readily detectable physiological properties such as growth with or without 
oxygen, nitrogen fixation or photosynthesis (157). However, those criteria have only limited 
value for prokaryotic taxonomy mainly for two reasons (157). Firstly, lateral gene transfer 
or adaptation to environmental stress may have resulted in similar phenotypes of two distantly 
related organisms. And secondly, the evaluation of a phenotypic marker as phylogenetically 
significant is often a subjective one (157). 

More reliable information on the prokaryotic phylogeny was obtained from analysis of 
various molecular markers. Cell wall analysis and immunological studies, together with initial 
approaches in genotype-based classification such as comparison of the DNA base ratios (GC-
content) and analysis of the total DNA relatedness, were applied in the phylogenetic 
characterization of lower taxa (157). A considerable step forward was the use of 
macromolecules as 'evolutionary clocks' to determine evolutionary distances (72). 
Macromolecules such as nucleic acids and proteins consist of a large number of independent 
constituents, i.e. nucleotides and amino acids, whose sequential order provides the 
information for their function. Since the number of possible different sequences is extremely 
high, two sequences with extensive similarity are most likely evolutionary related rather than 
the product of convergent evolution. As the result of continuously occurring, selectively 
neutral mutations, the observed accumulated differences between two sequences are 
analogous to a relative time span, i.e. the sequence differences can be used to calculate the 
evolutionary distance of the compared sequences from a common ancestor. Among the 
sequences that may be used as molecular chronometers for phylogenetic analysis of higher 
taxa, most suitable ones are those that have been established in early stages of cell's 
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evolution. Among those, ribosomal RNAs are extremely suitable since (i) they are 
functionally highly constant and universally distributed, (ii) they contain enough information 
to be statistically reliable, (hi) they contain both moderately and highly conserved regions 
and, therefore, are suitable for measuring both small and large phylogenetic distances, and 
finally (iv) their isolation and analysis is relatively easy (159). 

Based on comparative analysis of 16S rRNA sequences, Woese and coworkers discovered 
a basic division of the known prokaryotic organisms that led them to propose a third primary 
lineage distinct from eubacteria and eukaryotes, designated archaebacteria (Figure 1). A 
similar classification was established by comparison of other molecular chronometers with 
the capacity for high-taxa-resolution such as for instance components of the DNA-dependent 
RNA polymerase (74, 174), translation factors (20, 47) and ATPase components (37, 60, 
62). Certain group-specific features could be identified on the molecular genetic and 
biochemical level (for review: 173) which confirmed the distinction between the three 'ur-
kingdoms' of life. Since the new, genotype-based taxonomy should be reflected in 
terminology, Woese and coworkers (1990) proposed to rename the three primary lineages 
into the 'domains' Archaea, Bacteria and Eucarya (Figure 1). 
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Figure 1. Unrooted universal phylogenetic tree (taken from Woese [159]), based upon 16S rRNA 
sequence comparison, showing the known three domains of life. 



Besides certain unique archaeal characteristics as ether-linked lipids (26), unusual modified 
tRNA-nucleotides (30) and the methanogenic (Vmetabolism (27, 68), most of the features 
that allow to distinguish the Archaea from the Bacteria and the Eucarya are associated with 
the genetic machinery (173). The archaeal genomes appear to be composed of a single 
circular chromosome similar to the genome of their bacterial counterparts. As in Bacteria, 
archaeal genes are - with the exception of certain genes from halophilic organisms (10) -
preceded by Shine-Dalgarno sequences and frequently are organized in transcriptional units 
(10). The majority of the archaeal features, however, were found to be more similar to those 
from the Eucarya such as the presence of introns (73, 111) and 7S RNA (66), the structure 
of promoters (44, 48), and the sensitivity to certain antibiotics (165, 173). This striking 
similarity between Archaea and Eucarya is also reflected by sequence comparison of 
ribosomal proteins (156), translation factors (20, 47), components of the DNA-dependent 
RNA polymerase (74, 173), DNA ligases (75), components of the ATPase (37, 60, 62) and 
histone-like proteins (129). Although not reflected on 16S RNA-level, this archaeal-eucaryal 
similarity in basic molecular characteristics provides reasonable arguments for a closer 
relationship of the Archaea to the Eucarya than to the Bacteria. In contrast, the sequences 
of enzymes of the central metabolism as GAPDH (50), malate dehydrogenase (57), 3-
phosphoglycerate kinase (33) and j8-glucosides hydrolyzing enzymes (31) were found to be 
more related between Bacteria and Eucarya (173). 

The domain Archaea comprises at least three major groups of prokaryotic organisms with, 
compared to their bacterial counterparts, unusual phenotypes: the extreme thermophilic, 
sulfur-dependent species, the extreme halophiles and the methanogens (159). 
Phylogenetically, the Archaea can be subdivided into two main lineages (kingdoms): the 
Crenarchaeota (158) which comprise most of the hyperthermophiles, and the Euryarchaeota 
(158), a phenotypically more diverse collection of organisms including the three groups of 
methanogens, the extreme halophiles, the extreme thermophilic genera Thermococcus and 
Thermoplasma and the sulfate-reducing Archaeoglobus. The branching order of the 
euryarchaeotal tree suggests that this kingdom has evolved from an ancient sulfur-reducing, 
hyperthermophilic organism via the methanogenic to the extreme halophilic organisms (159). 
Moreover, it is assumed that an extreme thermophilic, sulfate-reducing organism has been 
the common ancestor of the Archaea since this phenotype is the only one shared by both 
archaeal kingdoms (158). 

Methanogens are, with respect to morphology and growth requirements, a diverse group 
which obtain their energy for growth from the conversion of low molecular weight 
compounds to methane (for review: 154). The main products of fermentative decomposition 
of organic matter, H2 and C02, formate, and acetate are the major substrates of methanogenic 
bacteria. In addition, other Crcompounds and certain alcohols may serve as substrates. 
Methanogens exist as free-living and endosymbiotic organisms (150) and occupy a wide 
range of anaerobic habitats in soil and aquatic environments, the intestines of certain 
organisms, bioreactors, and extreme environments such as hydrothermal vents and 
hypersaline lakes. 

The biotechnological importance of methanogenic bacteria is reflected by their application 
in biodegradation of waste and the simultaneous production of biogas as an alternative form 
of energy and their potential to convert xenobiotics (2, 19, 53, 77). In addition to these 
(potential) applications, the scientific interest in molecular biology of methanogenic bacteria 
as representatives of the Archaea accounts for the progress in the genetics of methanogens 
which was subject of various recent reviews (10, 122, 171). 



MOBILE GENETIC ELEMENTS 

Prokaryotic chromosomes are regarded to consist of a set of essential genes which are 
interspersed with a variety of sequences including accessory genes, noncoding segments and 
(short) repeated sequences (80). Retaining a basic stability of the genomic organization, the 
chromosomal DNA is subjected to several genetic changes including point mutations and 
small and large scale rearrangements such as insertions, deletions and inversions. In addition 
to those changes of the resident genetic material, horizontal gene transfer serves as an 
important source for genomic variations which allow an adaptation of the host to 
environmental stress conditions. As a consequence of the uptake and assimilation of foreign 
DNA, the chromosome can be viewed as a mosaic, comprising recipient-derived DNA 
interspersed with DNA from other sources (141). 

A comparable organization and dynamic nature as found for the chromosomal DNA is in 
principle also found in the smaller-sized genomes of plasmids and phages. Therefore, 
elucidation of the genomic organization of these elements may provide insight into the 
structure of genomes in general. Moreover, plasmids and phages belong, together with 
insertion sequences (IS), to a class of accessory elements that force the change of the cell's 
genomic constitution: their movement within or between prokaryotic genomes often is 
accompanied with genomic rearrangements (promoted by insertion elements) and the 
horizontal transmission of genetic material (plasmid- and phage-mediated). Thus plasmids, 
phages and insertion elements which together constitute a family of mobile genetic elements 
(79), appear to play a significant role in evolutionary processes. 

The naturally occurring IS elements comprise defined DNA sequences ranging from 0.8 
to 3 kb and are joined to autonomously replicating molecules (replicons) such as the 
prokaryotic chromosome, phage- and plasmid DNA. A characteristic of these mobile 
elements is that they specify functions that allow them to move from one site to another, 
either intra- or intermolecularly. Different types of genomic changes are promoted by IS 
elements (35): (i) transposition of IS elements itself may cause disruption of coding regions 
or may lead to a fusion of replicon, (ii) the presence of several genomic copies of IS 
elements provide sites for reciprocal recombination which results in genomic rearrangements 
such as deletions and inversions, and (iii) two IS elements flanking genomic-derived genes 
may form a composite transposon thereby mobilizing the internal genomic sequences. 

Plasmids and phage genomes are, in contrast to IS elements, autonomously replicating 
genetic elements that either exist extrachromosomally or - as the result of site-specific 
integration or homologous recombination - may become part of the host chromosome. While 
the mobility of IS elements is restricted to the genome of a single cell, many plasmids and 
phages have the potential to mediate the transfer of their genomes from one cell to another. 
This transmission of DNA can be accompanied by mobilization of host DNA, including IS 
elements, by conjugation (plasmid-directed) and transduction (phage-directed). In addition 
to natural transformation, i.e. the uptake and incorporation of exogenous DNA, conjugation 
is regarded as the major mechanism for horizontal DNA transfer in nature that occurs 
between phylogenetically divergent prokaryotes (1, 87) and may even bridge the boundaries 
between members of different domains, including DNA transfer between pro- and eukaryotes 
('interkingdom sex') (1, 49, 141). 

The study of genetic mobile elements may therefore contribute to the understanding of 
genomic organization and processes that influence the genetic constitution of prokaryotic 
organisms. Moreover, in particular plasmids are useful model systems for the investigation 
of the fundamental process of DNA replication and may serve as basic tools in recombinant 



DNA technology. 

ARCHAEAL MOBILE ELEMENTS 

Plasmids 

Plasmids have been identified in all three major groups of Archaea (for review: 10; Table 
1). 

Among the hyperthermophilic, sulfur-dependent Archaea only two plasmids, designated 
pGT5 (32) and pBG from Sulfolobus strain B6 (143), have been described whereas two other 
extrachromosomal elements, pSB12 and pSLlO, represent lysogenic forms of viruses or 
virus-like particles that will be discussed in the next section. The small, 3.45-kb multicopy 
plasmid pGT5 is harbored by a recently isolated hyperthermophilic archaeon (strain GE5) 
which has an optimal growth temperature of 94°C (32). Surprisingly, pGT5 was found to be 
nearly relaxed at physiological temperatures (95°C) (11), although strain GE5 contains 
reverse gyrase activity that is common to extreme thermophilic organisms of both archaeal 
and bacterial origin (8, 9). This activity was believed to be necessary for thermostabilization 
of closed circular DNA by introduction of positive supercoils. It is supposed that the relaxed 
state of pGT5 at physiological temperatures in vivo is the result of both reverse gyrase 
activity and the presence of nucleosome-like structures and might be representative for the 
topology of chromosomal and extrachromosomal DNA of hyperthermophiles (11, 34). 

Most progress in biology of archaeal plasmids has been made with those from the extreme 
halophilic organisms. For a part this is due to the large number of plasmids that have been 
described for these organisms, ranging in size from small, 1.7-kb high copy number plasmids 
up to 690-kb megaplasmids (Table 1), and the established transformation systems (see 
below). Many halophilic bacteria contain heterogeneous plasmid populations and a 
considerable part of the genomic information is located on extrachromosomal elements (14, 
40, 112, 127, 145). The 150-kb pHHl has been identified as the main plasmid of 
Halobacterium halobium (153) (several strains of H.halobiwn and H.cutirubrum probably 
belong to the species H.salinarium according to Tindall [1992]). Plasmid pHHl contains a 
large number of different halobacterial IS elements that cause insertion, deletions and 
rearrangements of pHHl (115, 118, 119). Other Halobacterium species were found to 
contain structural derivatives of pHHl, either as covalently closed DNAs or integrated into 
the chromosome (28, 112). Initial observations of an correlation between the ability to form 
gas vesicle and the presence of plasmids (137, 153) has led to the identification of vac genes 
located on the plasmids pHHl (58) and pNRClOO (23, 64). Detailed analysis of the 200-kb 
pNRClOO resulted in the identification of two large (35 to 38 kb) inverted sequences which 
are supposed to mediate inversion of the intervening single-copy regions, one of which 
contains the vac-region, and constitute a possible regulation mechanism for gene expression 
(100). In addition, the origin of replication has been mapped for plasmid pNRClOO (100), 
pHHl (119) and pHK2 (56). A function could also assigned to plasmid p*HL, a deletion 
derivative of the <i>H prophage (133) whose nucleotide sequence and transcriptionally active 
regions have recently been determined (38). H. halobium R, cells carrying p#HL become 
resistant to infection by phage $H due to a immunity-conferring coliphage-like repressor 
encoded by p$HL (69). 

Treatment of H.halobium GRB with the gyrase inhibitor novobiocin resulted in the 



Table 1. Archaeal plasmids 

Plasmid 

pBG1 

pGT5 

pNRClOO 
pHHl 
pHH2 
pHH3 
pHSBl 
pHGNl 
pGRBl 
p*HL 
pHTl 
pHT2 
pHCl 
PB 
pRDS102 
pD 
pHVl 
pHV2 
pHV3 
pHV4 
pHVll 
pHV12 
pHV13 
pHK2 
pHMl 
pHM2 

pC2A 
pURB500 
pURB800 
pURB801 
pURB900 
pMPld 

pT3 
pME2001 
pFVl 
pFZl 
pFZ2 

Host 

Sulfolobus strain B6 
hyperthermophilic, sulfiir-metabolizing 
isolate GE5 

Halobacterium halobium NRC-le 

H.halobium NRC817 
H.halobium DSM670 
H.halobium DSM671 
H.halobium SB3 
H.halobium GN101 
H.halobium GRB 
H.halobium R,L 
H.trapanicum 
H.trapanicum 
H.cutirubrum 
Halobacterium salinarium 5 
H.salinarium 5 
H. salinarium 5 
Haloferax volcanii DS2 
H.volcanii DS2 
H.volcanii DS2 
H.volcanii DS2 
H.volcanii WRU 
H.volcanii WR12 
H.volcanii WR13 
Haloferax Aa2.2 
Halococcus morrhuae CCM 537 
H.morrhuae CCM 537 

Methanosarcina acetivorans C2A 
Methanococcus sp. nov. 
Methanococcus jannaschii 
M.jannaschii 
Methanococcus AG86 
Methanolobus vulcani 
Methanobacterium sp. nov. 
M.thermoautotrophicum Marburg 
M.thermoformicicum THF 
M.thermoformicicum Z-245 
M.thermoformicicum FTF 

Size 
(kb) 

35 
3.5 

200 
143 
152 
76 
1.7 
1.8 
1.8 

19 
122 

6 
122 
41 
69 

134 
86 
6.4 

440 
690 
13 
25 
44 
10.5 
48 
6 

5.1 
8.7 

64 
18 
20 
6.9 
7.3 
4.4 
13.5 
11 
11 

References for Relevant Characteristics 

Isolation/Sequence" Functionb Transformation0 

(143) 
(32) 

(23) 
(153) 
(112) 
(112) 

(28/41) 
(28/45) 
(28/42) 
(133/38) 

(112) 
(112) 
(112) 
(136) 
(136) 
(136) 
(112) 

(112/12) 
(14) 
(14) 
(126) 
(126) 
(126) 
(54) 
(96) 
(96) 

(140) 
(160) 
(166) 
(166) 
(166) 

(144, 155) 
(5) 

(88/7) 
(103/106) 
(103/106) 

(103) 

_ 

vac genes (23, 64) 
vac genes (58) 

-
-

Rep protein (61) 
Rep protein (61) 
Rep protein (61) 

$H immunity (133, 69) 

-
-
-
-

vac genes (136, 137) 

-
-

_ 

_ 
(6, 18) 

-
-

(41, 85) 

-
(17) 

-
-
-
-
-
-
-
-

(12, 84, 101) 
-
-
-
-
-

(54 
-
-

_ 
-
-
-
-
-
-
-

MthTl system (104) 
MthZl system (105) 
MthFl system (105) 

-
-
-
-
-

56, 84, 101) 
-
-

_ 
-
-
-
-
-
-
-
-
-
— 

* Complete nucleotide sequence. 
b Identified functions (based on experimental data or on homology with known proteins), including plasmid replication-

and maintenance functions. 
' Transformation of the natural host or close relatives using the original plasmid or engineered derivatives including 

shuttle vectors. 
d Possibly represents a prophage. 
' Several strains of H.halobium and H.cutirubrum belong to the species H.salinarium (146). 



accumulation of single stranded forms of the small 1.8-kb multicopy number plasmid pGRBl 
suggesting that this plasmid replicates via a rolling circle mechanism (39, 139). Since 
sequence analysis of pGRBl and the similar sized plasmids pHSBl and pHGNl revealed that 
each plasmids could code for a homologous protein of approximately 35 kDa (41, 42, 45), 
these putative proteins may be involved in a common mode of plasmid replication (42). This 
hypothesis was recently supported by Ilyina and Koonin (61), who found that the plasmid-
encoded proteins of pGRBl, pHSBl and pHGNl share a conserved sequence motif with 
rolling circle replication initiation proteins. 

The application of genetic engineering techniques in halophilic members of the archaeal 
domain became possible with the development of efficient transformation systems. A natural 
mating system (94, 125) and a protoplast fusion technique (126) have been described for 
Haloferax volcanii. The polyethylene glycol mediated spheroplast transformation method, 
however, is the most commonly applied one and transformation protocols have been 
developed for the phylogenetically distant H.halobium (15, 41), H.volcanii (12, 17) and 
members of the genus Haloarcula (18). The vector plasmids used for transformation studies 
were derivatives of small halobacterial replicons equipped with a marker gene and, more 
recently, were expanded to halobacterial-E.co// shuttles vectors (6, 56, 84, 85). Selective 
markers used included genes conferring resistance to novobiocin (54) or mevinolin (84), or 
encoding a phenotypically selectable marker, such as gas vesicle synthesis (6). Expression 
of the bacterio-opsin (bop) gene in a bop mutant of H.halobium was observed after 
transformation with a pGRBl-based multicopy vector that carried an intact bop gene (82). 
Using a mutated halobacterial gyrase B gene which confers resistance to novobiocin (55) as 
selective marker, a cloning vector was constructed based on the pHK2 replicon of Haloferax 
Aa2.2 (54). Subcloning into an E.coli vector yielded the shuttle-vector pMDSl which, 
however, could only stably maintained in Haloferax if propagated in a dam E.coli strain since 
methylated adenine residues are subject to restriction in the halophilic host (56). A derivative 
of pMDSl has recently been used for expression of a alkaline serine protease, termed 
halolysin, from an unidentified halophilic strain in H.volcanii (67). Two other halobacterium-
E.coli shuttle vectors, pUBP2 (derived from pHHl of H.halobium; 6) and pWL102 (based 
on the H.volcanii pHV2 replicon; 84) were found to stably transform members of different 
halophilic genera (18) and may be useful as generalized cloning vectors in halophilic 
Archaea. The pHV2-derived vector has been used in complementation experiments to analyze 
the minimal DNA region necessary for gas vesicle synthesis (59). Recently, transformation 
of H.halobium was applied for specific in vivo rRNA mutagenesis of its single-copy rRNA 
operon (85). This technique makes use of a shuttle vector pHRZH, a derivative of pHSBl 
from H.halobium SB3 (28) which is equipped with a mutated, H.halobium rRNA operon that 
confers resistance to two different antibiotics. After transformation, the sensitive, single-copy 
wild-type rRNA operon of the recipient is replaced by the vector-borne one via 
recombination, resulting in a transformed strain that directs synthesis of exclusively mutated 
ribosomes (85). 

Representatives of all three major lines of the methanogenic branch of the Archaea were 
found to harbor plasmids (Table 1) ranging in size from 4.4 kb for the high-copy number 
plasmid pME2001 from Methanobacterium thermoautotrophicum Marburg (88) up to 64 kb 
for pURB800 from Methanococcus jannaschii (166). However, compared to what is known 
about plasmids from halophilic bacteria, only little progress has been made in plasmid 
biology of methanogens. This may be attributed to the fact that, compared to the halophilic 
Archaea, (i) plasmids are less common among methanogens, (ii) all plasmids identified so 
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Figure 2. (A) Physical map and coding regions of plasmid pME2001 of M.thermoautotrophicum 
Marburg. ORFs A through F are indicated by open arrows whereas the mapped 611 -bp transcript (91) 
is shown as a black arrow. The putative ORF B protein binding region (TA) is denoted by a solid 
block. Sizes are given in kilobases. (B) Comparison of the helix-turn-helix motif of the X ell activator 
protein (51) with that deduced from ORF B. Identical amino acids are boxed. Numbers refer to the 
amino acid position. (C) Binding site of the X ell protein (51) compared to the putative ORF B protein 
binding region of pME2001 (TA) composed of three sequence stretches (TA1 through TA3). 
Tetranucleotides similar to TTGC and spaced by six nucleotides are underlined. Numbers refer to 
sequence position according to Bokranz et al. (7). 

far in methanogens are cryptic, i.e., no phenotype could be correlated with the presence of 
plasmids, and (iii) an efficient transformation system and suitable vectors are at present not 
available. 

One of the best studied plasmids is pME2001 of M.thermoautotrophicum Marburg. This 
plasmid which is present in about 20 copies per host chromosome (102), turned out to be 
very stable since several attempts failed to cure strain Marburg from pME2001 (102). The 
dispensability of pME2001 was, however, demonstrated by Leisinger and coworkers who 
reported the isolation of a pME2001-free derivative of strain Marburg after treatment with 
the mutagen N-methyl-N'-nitro-nitrosoguanidine (70, 92). The nucleotide sequence of 
pME2001 comprises 4439 bp (7) and contains six open reading frames, designated ORF A 
through ORF F, which could code for proteins composed of more than 100 amino acids 
(Figure 2A). Except for ORF C, all ORFs are preceded by a potential ribosome binding site 
(10). The head-to-tail-organization of ORF A-D may suggest a coordinate transcription and 
translation of the four ORFs. Although no sequences with significant similarity to the 
boxAlboxB motif of an archaeal consensus promoter signal (44, 48) could be localized 
upstream from ORF A, the identification of a 611-bp-transcript of pME2001 by Meile and 
coworkers (91) which covers the potential promoter regions of the ORF A and ORF F, 
respectively (Figure 2A), may support cotranscription of ORF A-D. The small size of the 
transcript may be explained as the result of posttranscriptional processing or nucleolytic 
degradation of a primary transcript (91). A sequence stretch with excellent similarity to the 
archaeal consensus promoter signal is located approximately 170 bp upstream of ORF F. 
Possibly, the expression of the ORF F protein is regulated since translation of the ORF F 
mRNA might be blocked by the mapped 611-bp-RNA which is transcribed from the opposite 
DNA-strand and would therefore serve as anti-sense RNA (Figure 2A). 

No significant similarity was found between the deduced proteins of pME2001 and proteins 
stored in the database. Screening of the pME2001 proteins for the presence of certain amino 
acids motifs has shown, however, that the ORF B protein contains a helix-turn-helix (HTH) 
motif which might enable the ORF B protein to bind to DNA (Nolling, unpublished results). 
Moreover, the HTH motif of the ORF B protein was found to be similar with the HTH motif 
of the transcription activator ell from phage X (51). The identical residues shared by both 
HTH motifs were in particular located at those positions of the X ell protein that are believed 
to be involved in recognition of a specific DNA sequence (51) (Figure 2B). This may suggest 
that the ORF B protein recognizes the same DNA target as the X ell transcription activator, 
i.e. two TTGC tetranucleotides repeats spaced by six nucleotides: TTGC-N6-TTGC (51). We 
could identify a region located at the 3'-end of ORF D of plasmid pME2001 that showed 
homology to the X ell target-sequence. This pME2001-region, designated TA-region, is 193 



bp in size and contains three sequence stretches (TA1-TA3) with the same or similar 
tetranucleotide repeats separated by six nucleotides as found for the X cll-target (Figure 2C). 
An additional remarkable feature of TA1-TA3 sequences is the fact that those tetranucleotide 
repeats in turn separate several runs of four to six thymidine nucleotides which may induce 
bending of the DNA (78) (Figure 2C). Such bent DNA regions are known to be important 
for various molecular-biological processes such as for instance replication and transcription 
(43). It seems therefore possible that the putative DNA binding ORF B protein and the TA-
region play a role in replication of plasmid pME2001. 

Several pME2001-based vectors have been constructed that may be used for replication in 
Bacteria and Eucarya (89, 90). However, besides a low-level natural transformation system 
for M.thermoautotrophicum Marburg (162), no efficient reintroduction of DNA into this 
methanogenic host has been reported so far. The development of a transformation system is 
therefore the bottle neck for examination of in vitro modified DNA in Methanobacterium 
strains. 

Promising results in establishing a transformation have been reported for the mesophilic 
Methanococcus voltae PS. Based on its low-level natural competence (4), transformation of 
this organism with a vector that was able to integrate in the chromosome of the recipient, 
was demonstrated by Gernhardt and coworkers (36). The integration vector used was 
equipped with an expression cassette comprising the puc gene from Streptomyces alboniger 
(83) as selective marker which conferred puromycin resistance to its methanogenic host. 
Similar results were obtained with Methanococcus maripaludis used as recipient (128). 
Increased transformation rates of auxotrophic M. voltae PS with wild type chromosomal DNA 
could be achieved by electroporation as alternative transformation method (95). These results 
suggest that an efficient host-vector system for Methanococcus could be based on an 
improved electroporation protocol in combination with an autonomously replicating vector 
that carries the puromycin-resistance cassette (36) as selective marker. The vector may be 
derived from a plasmid of a related species, such as pURB500 isolated from a marine 
Methanococcus species (160). 

Viruses and Virus-like Particles 

Similar as representatives of the eucaryal and bacterial domain also those belonging to the 
archaeal domain are subject to viral infection. Table 2 lists the viruses and virus-like particles 
(VPLs: nucleic acid containing particles whose infectivity have not been proven) that have 
been described for representatives of the three major lineages of the archaeal domain, the 
extreme thermophilic, sulfur-dependent, the extreme halophilic and the methanogenic 
Archaea (for review: 172). All archaeal viruses and VLPs, isolated so far, contain a double-
stranded DNA genome although this does not exclude the possibility of the existence of 
archaeal viruses with single-stranded DNA or RNA genomes. With the exception of the VLP 
isolated from Methanococcus voltae A3 (161), viruses of the extreme halophilic and 
methanogenic branch were similar in morphology to those of the bacterial domain composed 
of a polyhedral head and a tail. By contrast, unusual lemon- or rod-shaped virus structures 
are common to the viruses and VPLs that infect extreme thermophilic, sulfur-dependent 
Archaea. In addition, the genomes of the latter viruses and VLPs are only small in size 
compared to those found for the viruses of halophiles and methanogens (Table 2). 

The temperate virus SSV1 (formerly SAV1) of the extremely thermophilic, sulfur-
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Table 2. Archaeal viruses and virus-like particles 

Name 

SSV1 
VPL-B6" 
DAV ld 

CWP 
TTV1 
TTV2 
TTV3 
TTV3 

$H 
$N 
Hsl 
HsL 
Hhl 
Hh3 
Jal 
S45 

Host 

Sulfolobus solfataricus 
1 Sulfolobus sp. B6 

Desulfurococcus ambivalens 
Pyrococcus woesei 
Thermoproteus tenax Krai 
T.tenax Krai 
T.tenax Krai 
T.tenax Krai 

Halobacterium halobiuni 
H.halobium 
H.satinarium 

Halobacterium sp. 
Halobacterium sp. 
H.halobium 
Halobacterium sp. 

VLP(A3) Methanococcus voltae A3 
PG 
PMS1 
^Ml 

#F1 
$F3 

Methanobrevibacter smithii G 
M.smithii 

Virion 
morphology 

lemon 
polyhedric 

lemon 
polyhedric 

rod 
flexible rod 
flexible rod 

rod 

complex8 

complex 
complex 

complex 
complex 
complex 
complex 

lemon 
complex 

n.d. 
Methanobacterium thermoautotrophicum complex 

Marburg 
Methanobacterium sp. 
M.thermoformicicum FF3 

complex 
complex 

DNA 
topology 

ccc* 
n.d.c 

ccc 
n.d. 

linear 
linear 
linear 
linear 

linear 
linear 
linear 

linear 
linear 
linear 
linear 

ccc 
n.d. 
n.d. 

linear 

linear 
ccc 

Genome 
size (kb) 

15.5 
n.d. 
7.7 
n.d. 
15.9 
16 
27 
17 

59 
56 

n.d. 

37.2 
29.4 
230 
n.d. 

23 
50 
35 

27.1 

85 
36 

Type 

temperate 
temperate 
temperate 

n.d. 
temperate* 
temperate 

n.d. 
lytic 

temperate 
temperate 
temperate* 

temperate* 
temperate* 

n.d. 
n.d. 

temperate 
lytic 
lytic 
lytic 

lytic 
lytic 

References 

(86, 109, 130, 168) 
(172) 

(167, 168, 172) 
(170, 172) 

(63, 98, 172) 
(63, 172) 
(63, 172) 
(63, 172) 

(38, 131, 135, 172) 
(151) 

(147, 148, 149) 

(110) 
(110) 
(152) 
(21) 

(161) 

(3) 
(76) 

(65, 92) 

(108) 
(108) 

* Covalently closed circular 
b The VLP-B6 genome is suggested to correspond with plasmid pBG (172). 
0 Not determined. 
d The DAV 1 genome is identical with plasmid pSLlO (172). 
* So-called 'carrier state' defined as an equilibrium between virus and cell multiplication. A shift of this equilibrium results 

in either loss of the phage genome or induction of the lytic circle (172). 
f Several strains of H.halobium belong to the species H.satinarium (146). 
s Consisting of an icosahedric head and a tail. 

dependent Sulfolobus shibatae (86) is one of the archaeal viruses studied in detail on the 
molecular level. Initially described as VLP, SSV1 was recently shown to infect the closely 
related S.solfataricus and is thus a true virus (130). The virus SSV1 contains a circular, 
positively supercoiled (97) double-stranded DNA genome with a size of 15.5 kb. Its complete 
nucleotide sequence has been determined (109) and the transcriptionally active regions have 
been mapped (123). Upon lysogenisation, the SSV1 genome is either maintained as 
extrachromosomal, autonomous replicating DNA (formerly termed pSB12) or is integrated 
into the chromosome (164). Integration occurs site-specifically in both S.shibatae and 
S. solfataricus within a putative tRNAAl? gene (124, 130). UV-irradiation induces 
amplification and packaging of the SSV1 plasmid form and the release of phage particles 
without lysis of the host (86, 130, 164). Since efficient transfection (106 transfectants per ng 
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DNA) of S.solfataricus with SSV1 DNA by electroporation has been demonstrated (130), the 
well-studied SSV1 genome may be instrumental in developing a cloning vector for 
Sulfolobus. 

Four rod-shaped or filamentous viruses, designated TTV1 through TTV4, have been 
described for Thermoproteus tenax Krai (63). Although these viruses exhibit a similar 
morphology they clearly differ in several aspects. TTV2 is a temperate virus, whereas TTV4 
is lytic, while cells carrying TTV1 may either lyse or lose the virus (172). The viral genomes 
consist of linear, double-stranded DNA molecules of different size that showed no homology 
with each other (169). Moreover, only limited similarities have been observed in the 
composition of the virus envelope (169). TTV1 has been studied in most detail. The TTV1 
DNA is covered by two DNA-binding proteins contained within the proteinaceous inner 
envelope that is surrounded by a asymmetric membrane (172). The genes encoding the two 
DNA-binding and the three major structural proteins of TTV1 have been analyzed (98, 172). 
Six genomic variants of TTVl could be isolated that differed from each other in a distinct 
region by deletions and insertions (99). Since a phage-resistant strain of T. tenax contains part 
of this region integrated into its chromosome, it may specify immunity functions (172). 
Sequence analysis of the region revealed an unusual 465-bp ORF that could code for a 
protein with highly repeated amino acid stretches (169). 

Three VPLs have been isolated from sulfur-dependent Archaea, CWP from the 
hyperthermophilic Pyrococcus woesei, DAV1 from Desulfiirolobus ambivalens and a VPL 
from Sulfolobus strain B6. Since no nucleic acids could be isolated from CWP particles the 
nature of their genome remains unknown (170). Similarly, no data are available that clearly 
prove the association of the VPLs produced by Sulfolobus B6 with the genetic variable 35-kb 
plasmid pBG detected in the host (143, 172). In contrast, nucleic acids isolated from DAV1 
particles seem to correspond with the 7.7-kb plasmid pLSlO of Desulfiirolobus ambivalens, 
an extremely thermophilic, facultatively anaerobic archaeon (167, 168, 172). Interestingly, 
pLSlO shares some similarity with SSV1 DNA (172). Since anaerobic growth of the host is 
accompanied with amplification of plasmid pSLlO and the production of virus-like particles, 
pLSlO probably represents the lysogenic form of the virus DAV1 (169). 

Phages isolated from the halophilic branch of the Archaea differ considerably in their 
genome sizes ranging from 30 kb for phage Hh3 (110) up to 230 kb reported for phage Jal 
(152). One of the most extensively studied halophilic virus-host systems is that of phage #H 
and its host Halobacterium halobium R, (131, 172). The linear 59-kb genome of the 
temperate phage #H, whose transcription units have been mapped (172), is circularized upon 
lysogenization and maintained as extrachromosomally replicating prophage (135). Similar to 
the genome of its host, a high degree of genetic variability has been observed for $H that 
is due to the presence of certain IS-elements (132). One of these elements, ISH1.8 (134; see 
below), has been found to flank a central 12-kb fragment, called L-region, whose inversion 
or looping out is mediated by ISH1.8 (132, 134). The L-region contains genes for both 
immunity and the lytic cycle and obviously specifies all functions necessary for replication 
that enables the L-plasmid to be stably maintained in its host (see also plasmid section). 
Efficient transfection (approximately 107 transfectants per |tg DNA) of H. halobium with #H 
DNA has also been reported based on a protocol similar to those used for plasmid 
transformation of halobacteria (15; see plasmid section). DNA modification has been 
described for another phage from H.halobium, #N, whose linear, 56-kb genome contains 5-
methy 1-cytosine (151). 

A variety of viruses and VLPs have been described for methanogenic bacteria (for review: 
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172; Table 2). VLPs were found to accumulate during growth of Methanococcus voltae A3 
(161). Similar to the prophage state of SSV1 in Sulfolobus shibatae, the genome of the 
M.voltae A3-derived VLPs which is a circular 23-kb DNA molecule, termed pURB600, 
could be detected either as free plasmid or integrated into the chromosome of its host. In 
addition, pURB600-related sequences have been identified in the chromosome of M.voltae 
PS which, however, did not produce VPLs (161). Plasmid pMPl of Methanolobus vulcani 
(see plasmid section) may also represent a prophage since it has been found integrated into 
the host chromosome (155). The isolation of two lytic phage particles infecting 
Methanobrevibacter smithii, the broad host range phage PG (3) and phage PMS1 (76), with 
genome sizes of 50 and 35 kb, respectively, has been reported. The model virus-host system 
of methanogens that has been studied in some detail is that of the lytic phage ^Ml and its 
host Methanobacterium thermoautotrophicum Marburg (92). The genome of phage \}M\ is 
a linear, circularly permutated 27.1-kb DNA molecule that displays a terminal redundancy 
of approximately 3 kb (65). Packaging of the phage DNA is initiated from a concatemeric 
precursor molecule at a mappedpac site by the 'headful packaging' model (65). Interestingly, 
about 15% of the ^Ml phage particles was found to contain hexamers of the cryptic 4.4-kb 
plasmid pME2001 present in the strain Marburg (88, 92). This relaxed packaging machinery 
of ^Ml may be responsible for the recently demonstrated general transduction of 
chromosomal markers mediated by ^Ml (93). A 16-kb chromosomal region with homology 
to ^Ml DNA was identified in M.wolfei suggesting that this organism contains a deletion 
derivative of $M1 (92). This may explain the similarity of the endopeptidases capable to 
hydrolyse pseudomurein-based cell walls that have been purified from lysates of autolysed 
M.wolfei cultures (71) and lysates produced by M.thermoautotrophicum Marburg after ^Ml 
infection (142). 

Insertion sequences 

Most archaeal IS elements have been isolated from halophilic organisms, whereas only one 
IS elements have been reported for methanogens (Table 3). So far no information is available 
about such mobile elements in extreme thermophilic, sulfur-dependent Archaea. 

The biology of IS elements has intensively been studied in the halophilic model organism 
Halobacterium halobium. H.halobium displays a considerable genetic instability that results 
in high spontaneous mutation rates of phenotypic markers such as gas vacuole formation and 
synthesis of the purple membrane protein bacterio-opsin which are lost with frequencies of 
10"2 and IQr*, respectively (113, 153). Most of these mutants were shown to result from 
genomic rearrangements such as insertions, deletions and recombination events induced by 
various IS-elements (22, 24,25, 115, 116, 138). As indicated by further studies, the majority 
of these transposable elements and other repeated sequences are clustered within the 
relatively AT-rich satellite DNA fraction (GC-content 58%) consisting of plasmid DNA and 
chromosomal 'islands' that comprise about 30% of the genome of extreme halophilic 
organisms such as H.halobium (114, 118). 

IS elements from halophiles (ISH elements; for review: 13) range in size from 520 bp for 
ISH2 up to 3000 bp for ISH24 (Table 3) and resemble in their structure 'typical' insertion 
sequences described for the bacterial domain (35), i.e., they contain terminal inverted repeats 
and are flanked by short direct repeats as the result of target site duplication (Table 3). 
ISH1.8 is an exception in that it lacks terminal inverted repeats (134). IS elements are 
defined as autonomously moving elements, i.e. they mediate their own transposition, which 
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Table 3. Archaeal insertion elements 

Element 

ISH1 
ISH1.8 
ISH2 
ISH11 
ISH23/50 
ISH24 
ISH26 
ISH27 
ISH28 
ISHS1 
ISH51 

ISM1 
FR-I 

Hosf 

Halobaclerium halobium' 
H.halobium 
H. halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H. volcanii 

Methanobrevibacter smithii 
Methanobacterium ihermoformicicum 

Element 
length 
(bp) 

1118 
1895 
520 
1068 
996 
3000 
1384 
1398 
932 
1449 
1375 

1381 
1501 

ORF* 
length 
(bp) 

810 
max. 672" 

— 
1002 

819, 366 
n.d. 

441, 741 
1167 

0 
1179, 366 

1146 

1203 
15& 

Copy 
number 

(bp) 

2 
2 

8-10 
n.d. 
n.d. 

2 
5 

>2 
>2 
n.d. 

20-30 

8-10 
4-5 

IRe 

length 
(bp) 

7 
— 
19 
15 
19 
14 
15 
16 
16 
26 
16 

29 
— 

DR' 
length 

8 
5 

10-11,20 
7 

9/8 
7 

9, 11 
5 
8 
0 
3 

8 
6 

Indentical 
copies' 

yes 
n.d.h 

yes 
n.d. 
n.d. 
n.d. 
no 
no 

n.d. 
n.d. 
no 

n.d. 
yes 

References 

(138) 
(134) 
(22) 
(81) 

(115, 116, 163; 
(115, 116) 

(29) 
(117, 120) 
(117, 121) 

(175) 
(52, 120) 

(46) 
(107) 

' Original host. 
b Open reading frames with more than 300 bp. 
e Terminal located inverted repeats. 
d Direct repeats flanking the element. 
' Nucleotide sequence idendity of different copies. 
1 Several strains of H.halobium belong to the species H.salinarium (146). 
8 ISH1.8 contains six ORFs with a size of more than 300 bp. 
h not determined. 
1 FR-I exists in two structural variants one of which contains a 750 bp ORF. 

is catalyzed by an element-encoded transposase activity. Most of the ISH elements listed in 
Table 3 indeed contain at least one ORF that may encode a transposase-like protein. Some 
of the ISH elements, however, lack appropriate ORFs (Table 3) and probably represent non-
autonomous IS elements that may transpose by transposase functions provided in trans by 
other, autonomous ISH elements. This may be the case for ISH51 from Haloferax volcanii. 
From three ISH51 elements that have been analyzed on the sequence level, only one was 
found to contain a large ORF (52, 120). Interestingly, ISH27 from H.halobium and ISH51 
constitute a family of related insertion sequences that show identical terminal inverted repeats 
and considerable similarity on nucleotide sequence level of the entire elements (120). In the 
case of ISH2 which has an only low coding capacity (22), the existence of a copy with an 
intact function necessary for transposition seem to be unlikely since all so far analyzed ISH2 
copies were identical on sequence level (119). However, the terminal inverted repeats of 
ISH2 are considerable similar to those found for ISH26 whereas the internal sequences of 
both elements lack homology (29). Since terminal inverted repeats play an important role in 
transposition of IS elements it was suggested that ISH26 mediates transposition of ISH2 (29). 

Among methanogens only one transposable element, ISM1 from Methanobrevibacter 
smithii, has been characterized previously (46; Table 3). ISM1, whose movement within the 
host genome has been demonstrated, shows all features of a 'typical' insertion elements and 
contains a large ORF that probably specifies the transposase function (46). 
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OUTLINE OF THE THESIS 

The limited knowledge about plasmid biology of methanogens on the one hand and the need 
for developing host-vector system in this branch of Archaea on the other hand, were the 
principal motives to initiate the present thesis. Accordingly, the project had a basic character 
and was aimed at analyzing newly isolated plasmid DNA from methanogenic bacteria on 
molecular level with emphasis on those plasmids harbored by thermophilic strains of the 
genus Methanobacterium. After a brief summary of the state of art (Chapter 1), a 
phylogenetic analysis of different thermophilic Methanobacterium strains including several 
new isolates is described in Chapter 2. The obtained results from sequence comparison of 
PCR-amplified 16S rRNA genes strongly suggested a reclassification of the species 
M.thermoformicicum and M.thermoautotrophicum. The following Chapters 3 and 4 deal with 
the characterization of two types of mobile elements, namely phages and plasmids. The 
isolation and characterization of two novel phages, $F1 and $F3, capable of infecting several 
thermophilic Methanobacterium strains is reported in Chapter 3. Phage ^Fl whose linear 
genome is approximately 80 kb in size, has a broad host range and could be propagated on 
M.thermoformicicum Z-245, FTF, FF1, FF3 and CSM3 as well as M.thermoautotrophicum 
AH. In contrast, phage <i>F3 is specific for M.thermoformicicum FF3. Chapter 4 describes 
the isolation and characterization of a family of related plasmids from the thermophilic 
archaeon M.thermoformicicum and initial approaches in classification of M.thermoformicicum 
strains by genetic fingerprinting. Two of the plasmids, pFVl from strain THF and pFZl 
from strain Z-245, were analysed in detail. Comparison of the complete nucleotide sequences 
of pFVl and pFZl allowed an outline of the genetic organization of the plasmid genomes 
consisting of conserved regions which are interspersed with accessory elements (Chapter 5). 
Moreover, evidence is provided that plasmid pFVl encodes a putative DNA mismatch repair 
which is functionally related to the pFVl-borne restriction-modification (R/M) system 
(Chapter 5). One of the accessory elements, termed FR-I, was present in the genomes of 
strains of M.thermoformicicum and M.thermoautotrophicum (Chapter 6). Although trans­
position of FR-I has not been demonstrated, several characteristics of FR-I support the 
hypothesis that it represents a new type of archaeal insertion elements. In addition, pFVl and 
pFZl were found to contain an accessory element encoding components of different R/M 
systems, whose detailed analysis is discussed in Chapter 7 and 8, respectively. Finally, a 
summary and concluding remarks are given in Chapter 9. 
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CHAPTER 2 

Phylogenetic analysis of thermophilic Methanobacterium sp.: evidence for a common 
formate-utilizing ancestor 

Jork Nolling, Dittmar Hahn, Wolfgang Ludwig1 and Willem M. de Vos 

'Lehrstuhl fur Mikrobiologie, Technische Universitat Miinchen, Federal Republic of 
Germany. 

SUMMARY 

Comparative sequence analysis of PCR-amplified 16S rRNA genes from members of 
M. thermoformicicum and M. thermoautotrophicum provide evidence that the classification into 
these two species does not reflect their phylogenetic relationship. Our results support the 
proposal of Touzel and coworkers (1992) who, based on DNA hybridization and 
immunological studies, identified at least three groups among strains of M. thermoformicicum 
and M.thermoautotrophicum which may represent different species. Those three groups 
comprise (i) M.thermoformicicwn strains Z-245, FTF, THF, CSM3, FF1 and FF3, and 
M.thermoautotrophicum AH, (ii)M.thermoformicicum strains CB12, SF-4 and HN4, and (iii) 
M.thermoautotrophicum Marburg. In addition, sequences related to fhefdhA and fdhB genes 
for formate dehydrogenase were identified in the genomes of M.thermoautotrophicum strains 
AH and Marburg suggesting that M. thermoautotrophicum and M. thermoformicicum have been 
derived from a common ancestor able to utilize formate. 

INTRODUCTION 

The thermophilic species Methanobacterium thermoautotrophicum and Methanobacterium 
thermoformicicum are classified according to their ability to use H2/C02 only or H2/C02 and 
formate, respectively, as sole energy- and carbon source (Whitman et al., 1992). Several 
observations suggest, however, that a taxonomy based on a phenotypical character such as 
formate-utilization may not reflect the phylogenetic relationship of the two species. The 
assignment of M.thermoautotrophicum strains AH and Marburg into the same species was 
questioned already more than ten years ago by Brandis et al. (1981) who found that the 
strains AH and Marburg exhibit only limited (46%) DNA-DNA relatedness and show 
considerable differences in composition of cell wall amino sugars and the large subunit of 
the DNA dependent RNA polymerase. M. thermoformicicum strains, on the other hand, differ 
in respect to immunological cross-reactions (Yamamoto et al., 1989) and genetic 
fingerprinting (Nolling et al., 1991). Moreover, comparison of 5S rRNA sequences 
(Chumakov et al., 1987) and immunological studies (Bezrukova et al., 1989) indicate that 
M.thermoautotrophicum AH is closer related to M.thermoformicicum Z-245 than to 
M.thermoautotrophicum Marburg. 
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The question whether the strains of M.thermoautotrophicum and M.thermoformicicum have 
to be reclassified should be answered by a detailed analysis of their similarity on nucleic acid 
level, e.g. by DNA-DNA hybridization studies and ribosomal RNA sequence comparisons. 
The recently reported results from DNA-DNA similarity values and immunological studies 
of several strains of the species M.thermoautotrophicum and M.thermoformicicum (Touzel 
et al., 1992) clearly indicate that reclassification of both species is required. It was found that 
(i) M.thermoautotrophicum AH is only distantly related to M.thermoautotrophicum Marburg 
but more related to some members of the species M.thermoformicicum, and (ii) the species 
M.thermoformicicum includes strains which may belong to another, not yet defined species 
(Touzel etal., 1992). 

One of the powerful methods to determine the evolutionary relationship among different 
organisms is the analysis of the variable regions of small subunit rRNAs sequences (Woese 
et al., 1987). Among the thermophilic strains of the genus Methanobacterium, only the rRNA 
operon of M.thermoautotrophicum Marburg has so far been characterized in detail by 
sequence analysis of a genomic clone (0stergaard et al., 1987). The aim of the present report 
was to analyze the differences in the 16S rRNA of members of Methanobacterium in order 
to confirm their inter- and intraspecies relationship derived from DNA-DNA similarity 
studies (Touzel et al., 1992). For this purpose, we determined the partial 16S rRNA 
sequences of M.thermoautotrophicum AH and M.thermoformicicum strains Z-245, FTF, 
THF, CB12, SF-4, FF1, FF3, CSM3 and HN4 from cloned 16S rRNA genes that were 
amplified by the polymerase chain reaction (PCR), and compared these sequences with that 
of the 16S rRNA from M.thermoautotrophicum Marburg. Furthermore, we show that the 
non-formate utilizing strains M.thermoautotrophicum Marburg and AH contain sequences 
related to the genes encoding the a and /3 subunit of the formate-dehydrogenase (fdhA and 
fdhB, respectively) from M.formicicum. 

MATERIAL AND METHODS 

Methanogenic strains 

The following strains were obtained from the German Collection of Microorganisms 
(Braunschweig, Germany): M.thermoautotrophicum AH (DSM 1053), M.thermoformicicum 
strains Z-245 (DSM 3720), FTF (DSM 3012), THF (DSM 3848) and CB12 (DSM 3664). 
M.thermoformicicum SF-4, kindly provided by K. Yamamoto, Japan, and strains FF1 and 
FF3 have been described previously (Nolling et al., 1991). M.thermoformicicum strains 
CSM3 and HN4 were isolated according to previously described procedures (Nolling et al., 
1991) from a mesophilic upflow-anaerobic-sludge-bed reactor (T. Grotenhuis and C. Plugge, 
Department of Microbiology, University of Wageningen, The Netherlands) and from 
sediment of the river Rhine collected nearby Wageningen, The Netherlands, respectively. 

PCR amplification of 16S rRNA-genes 

Total DNA from methanogenic bacteria was isolated as described previously (Nolling et al., 
1991). 
To facilitate cloning of PCR products, two primers commonly used for reverse transcriptase 

sequencing (Embley et al., 1988) were synthesized with a 5' extension containing an unique 
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restriction enzyme cleavage sites. Primer 1510 (Embley et al., 1988) was equipped with a 
Pstl-site resulting in primer 1510Pst with the sequence 5 ' -
GTGCTGC4GGGTTACCTTGTTACGACT (complementary to position 1493 to 1510 in the 
Escherichia coli numbering system). The second primer, 124Bam, complementary to primer 
124 (Embley et al., 1988), contained an additional BamUl-site and had the sequence 5'-
CACGG/irCCGGACGGGTGAGTAACACG (position 106 to 124 in the E.coli numbering 
system). 

PCR was performed in a total volume of 100 pi containing 10 pi 10 x PCR buffer (500 
mM KC1, 25 mM MgCl2, 200 mM Tris/HCl pH 8.4, 1 mg/ml gelatine, 0.001% Nonidet P-
40), 1 /il dNTPs (each 10 mM in lOmM Tris/HCl pH 7.5), 0.2 pi Taq polymerase (5 U/pl, 
Life Technologies Inc, Gaithersburg, Md.), 1 pi of each of the primers 15 lOPst and 124Bam 
(100 ng/pl), and 1 pi DNA preparation (approximately 100 ng). Thirty rounds of temperature 
cycling (95°C for 1 min, 48°C for 2 minutes and 72°C for 3 minutes) were followed by a 
final 7 min step at 72°C. 

Cloning and sequencing of amplified PCR products 

The amplification products were treated with proteinase K (0.1 mg/ml, Boehringer 
Mannheim, FRG) according to Crowe et al. (1991) except that sodium dodecyl sulfate (SDS) 
was added to a final concentration of 0.5% followed by an incubation at 55°C for 20 min. 
Subsequently, the suspension was extracted with phenol/chloroform, and the DNA was 
precipitated with ethanol and finally dissolved in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM 
EDTA). The amplified DNA was digested with BamRI and Pstl (Life Technologies Inc., 
Gaithersburg, Md.), separated by agarose gel electrophoresis and purified by the Geneclean 
procedure (Bio 101, La Jolla, Calif.). Cloning of the amplification products into BamHl/Pstl-
digested phage M13mpl8/19 (Yanisch-Perron et al., 1985) and isolation of double- and 
single-stranded M13-DNA was done by standard methods (Sambrook et al., 1989), using 
E.coli TGI (Gibson, 1983) as host. 

The nucleotide sequences of overlapping fragments derived from the cloned amplification 
products were determined by the dideoxy chain termination method (Sanger et al., 1977) 
using the Sequenase kit according to the manufacturer's instructions (United States 
Biochemical Corp. Cleveland, Ohio). In addition to the supplied M13-forward sequencing 
primer, two new primers were synthesized for determination of the internal sequence of the 
cloned amplification products: primer 361 with the sequence 5'-GGGGCGCAGCAGGCGC 
corresponding to positions 346 to 361 (E.coli numbering system) and primer 1114 with the 
sequence 5'-GGGTCTCGCTCGTTGCC complementary to positions 1098 to 1114 (E.coli 
numbering system). The 16S rRNA sequence of each strain used for comparison was based 
on two different clones derived from the same PCR reaction, or - in the case of M.thermo-
formicicum strains Z-245, THF, CSM3, FF1 and HN4, and M.thermoautotrophicum AH -
from independent PCR reactions. 

DNA hybridization 

For the detection of formate-dehydrogenase-related sequences present in the genomes of 
different Methanobacterium strains a radioactively labelled 2.2-kb BamHl-Sphl fragment 
containing toefdhk gene or a 1.8-kb BamHl-Sphl fragment containing thefdHB gene from 
M.formicicum JF-1 (Shuber et al., 1986; kindly provided by J. G. Ferry, Department of 
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Anaerobic Microbiology, VPI Blacksburg, VA 24061, USA) were used as probes. Total 
DNA prepared from Methanobacterium strains was digested, electrophoresed on a 0.7% 
agarose gel, and transferred to a Hybond-N nylon filter (Amersham, United Kingdom) by 
the capillary blot procedure (Sambrook et al., 1989). Prehybridization of the nylon 
membranes was performed at 65°C for 15 min in 0.5 M NaHP04 pH 7.2, 1 mM EDTA, 7% 
SDS, 1% serum albumin and 0.5 mg sonicated and denaturated salmon sperm DNA. After 
purification from agarose gel, the DNA probe was radioactively labelled by nick-translation 
(Sambrook et al., 1989) with [<x-32P]dATP (110 TBq/mmol; Amersham, United Kingdom), 
denaturated and added to the prehybridization solution. Hybridization was performed at 55°C 
for 18 h. The membranes were washed for 5 min at room temperature in 2 x SSC (0.3 M 
NaCl, 0.03 M sodium citrate) containing 0.1% SDS, followed by incubation in the same 
buffer for 20 min at 55°C and were finally subjected to autoradiography. 

RESULTS AND DISCUSSION 

Hybridization with fdh genes 

Among the thermophilic species of the order Methanobacteriales, only M.thermoformicicum 
is able to convert formate, whereas M.thermoautotrophicum strains have not been reported 
to utilize forriiate (Whitman et al., 1992). We have previously shown that comparison of 
hybridization patterns derived from probing with ./HA A, the structural gene coding for the a 
subunit of formate hydrogenase of the mesophilic M.formicicum (Shuber et al., 1986), is a 
useful technique for the classification of M.thermoformicicum. Two groups could be 
distinguished using this approach: the Z-245-group comprising strains Z-245, FTF, THF, 
FF1, and FF3„and the CB12-group including strains CB12 and SF-4 (Nolling et al., 1991). 
The two new M.thermoformicicum isolates CSM3 and HN4 were classified in the same way 
(data not shown) and found to belong to the Z-245-group and the CB12-group, respectively. 

Unexpectedly, we found that radioactively labelled fdhA hybridized also with total DNA 
af the non-formate utilizers M.thermoautotrophicum strains AH and Marburg (Fig. 1A). 
Moreover, M.thermoautotrophicum strains AH and Marburg also contained genomic 
sequences homologous tofdhB (Fig. IB), which encodes the (3 subunit of the M.formicicum 
formate dehydrogenase (Shuber et al., 1986). The hybridization signals obtained with 
radioactively labelled fdhA and fdhB revealed a hierarchy of intensity in which the most 
ntense signals were found with DNA from M.thermoformicicum, while the signals of 
M.thermoautotrophicum AH DNA were stronger than those with DNA from 
M.thermoautotrophicum Marburg (Fig. 1). 
The hybridization data clearly show that the genomes of M.thermoautotrophicum strains AH 

uid Marburg contain ̂ /A-related sequences suggesting that the inability of both strains to 
convert formate is due to a non-functionality of the_/#/i-operon rather than the absence of the 
itructural genes for formate dehydrogenase. If so, the non-functionality of the fdh genes in 
he M.thermoautotrophicum strains may explain the observed less intense hybridization 
signals compared to those obtained with DNA from members of the only distantly related 
'ormate-utilizingM.thermoformicicum Z-245- and CB12-group (Fig. 1): the selective pressure 
MI the latter strains should ensure conservation of the fdh genes whereas mutations in the 
ion-essential^A-related sequences of M.thermoautotrophicum strains AH and Marburg would 
lot have been selected out. 
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Figure 1. Southern hybridization of total DNA isolated from Methanobacterium with the 
M.formicicumfdhk (panel A) andfdhB genes (panel B). Total DNA (about 0.5 /tg each) was isolated 
from M.thermoformicicum FTF (lane 1) and SF-4 (lane 2), and M.thermoautotrophicum strains AH 
(lane 3, 5) and Marburg (lane 4, 6), digested with BamKl (lanes 1-4) and BamllllSphl (lanes 5, 6) 
and separated by agarose gel electrophoresis. After transfer of the DNA to nylon-membranes, the 
blots were hybridized with a radioactively labelled 2.2-kb BamKl-Sphl fragment containing thefdhA 
(panel A) and a 1.8-kb BamHl-Sphl fragment containing ihefdhB gene (panel B) from M.formicicum 
JF-1. The sizes (in kilobases) of Hindlll X DNA fragments are indicated at the left. 

The presence of cryptic fdh genes implies that the strains AH and Marburg were derived 
from ancestors that were able to convert formate. M.thermoautotrophicum AH is closely 
related on genomic level to the M.thermoformicicum Z-245-group (Touzel et al., 1992; see 
below) and therefore represents a non-formate utilizing member of M.thermoformicicum. 
Strain Marburg, in contrast, is only distantly related to the thermophilic formate-utilizing 
Methanobacterium strains (Touzel et al., 1992; see below). Since both M.thermo­
autotrophicum strains harbor cryptic fdh genes, it is reasonable to assume that 
M.thermoformicicum and M.thermoautotrophicum strains AH and Marburg have been 
originated from a common formate-utilizing ancestor. Interestingly, a similar diversity in the 
ability to convert formate in addition to H2/C02 is typical among mesophilic 
Methanobacterium strains and members of the closely related genus Methanobrevibacter 
(Whitman et al., 1992). It is therefore tempting to speculate that the non-formate utilizers 
among those strains also contain cryptic fdh genes. If so, this would imply that the capacity 
to convert formate into methane has occurred early in evolution of the genus 
Methanobacterium and its close relatives. 
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16S rRNA sequence analysis 

Using PCR-amplified templates, partial 16S rRNA nucleotide sequences were determined 
from M.thermoautotrophicurn AH and nine M.thermoformicicum strains including all seven 
strains reported so far and the two new isolates described here. The sequencing strategy 
generated a continuous stretch of 1334 bases of each strain. The 16S rRNA sequences from 
the nine strains examined were aligned with that of M.thermoautotrophicurn Marburg 
(Ostergaard et al., 1987; Fig. 2). For calculation of the similarity values the 16S rRNA 
sequence of the mesophilic formate-utilizer M.formicicum was included (Table 1). Based on 
the derived K,,,,,. (evolutionary distance) values an unrooted phylogenetic tree was constructed 
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Figure 2. Alignment of variable regions of 16S rRNA sequences derived from 
M.thermoautotrophicurn Marburg (0stergaard et al., 1987) and AH, and M.thermoformicicum strains 
Z-245, FTF, FF1, FF3, CSM3, THF, CB12, SF-4 and HN4. Base positions in the sequences are 
numbered consecutively and correspond to the numbering of the 16S rRNA from strain Marburg 
(0stergaard et al., 1987). Only nucleotides that differ from strain Marburg are shown, while identical 
nucleotides are denoted by dots. (-) correspond to alignment gaps. Regions VRI and VRII represent 
highly variable regions. The accession numbers (EMBL database) assigned to the analyzed 16S rRNA 
sequences are indicated. 

30 



using the neighbor-joining method of Saitou and Nei (1987) (Fig. 3). 
The determined 16S rRNA sequences of the examined thermophilic Methanobacterium 

strains were highly similar ranging from 98.5 to 100%. In total 29 positions were found to 
be variable and a maximum of 19 base variations were observed between two sequences (Fig. 
2). The majority (16) of those base variations was concentrated in two highly variable 
regions, designated VRI (position 122 to 200 according to the numbering of the 16S rRNA 
from M.thermoautotrophicum Marburg [0stergaard et al., 1987]) and VRII (position 1393 
to 1401), which are located close to the 5'- and 3'-terminus of the 16S rRNA molecule, 
respectively (Figures 2 and 4). Alignment of the variable positions of the 16S rRNA 
molecules allowed the recognition of different 16S rRNA signatures and a classification of 
the corresponding Methanobacterium strains into at least three groups with nearly identical 
16S rRNA sequences. One of these groups is represented by M.thermoautotrophicum 
Marburg. The two other groups are coinciding with those derived from genetic fingerprinting 
v/ithfdhA (see above), i.e. the Z-245-group, comprising M.thermoformicicum strains Z-245, 
FTF, FF1, FF3 and CSM3, and the CB12-group, consisting of M.thermoformicicum strains 
CB12, SF-4 and HN4. Based on the 16S rRNA similarity, M.thermoautotrophicum AH 
belongs to the Z-245-group. 

The 16S rRNA sequences of the Z-245- and the CB12-group differ from each other at 17 
positions, corresponding to 98.7% sequence similarity. Both differ from M.thermo­
autotrophicum Marburg at 19 positions, corresponding to 98.6% sequence similarity. 
M.thermoformicicum THF has a slightly different 16S rRNA signature which shows similarity 
with those of all three groups. Its close proximity to the Z-245 branch suggests, however, 
that strain THF should be assigned to the Z-245 group as proposed on the basis of DNA-
DNA hybridization studies (Touzel et al., 1992). 

Using the secondary structural model of the 16S rRNA molecule ofM.thermoautotrophicum 
Marburg (0stergard et al., 1987), the variable positions of the examined 16S rRNA 
sequences were analyzed for their possible effect on secondary structure. As illustrated in 
Figure 4 for the two highly variable regions VRI and VRII, about one third of the base 

blel. Percentages of similarity (upper right) and K^. values (lower left) for a 1334 bp region of 16S rRNAs from strains of 
the genus Methanobacterium 

Organism 

. M.thermoautotrophicum Marburg 

. M.thermoautotrophicum AH 

. M.thermoformicicum Z-245 

. M.thermoformicicum FTF 

. M.thermoformicicum FF1 

. M.thermoformicicum FF3 

. M.thermoformicicum CSM3 

. M.thermoformicicum THF 

. M.thermoformicicum CB12 

. M.thermoformicicum SF-4 

. M.thermoformicicum HN4 

. M.formicicum (DSM 1312) 

1. 

0.0141 
0.0133 
0.0141 
0.0133 
0.0141 
0.0133 
0.0110 
0.0141 
0.0141 
0.0148 
0.0816 

2. 

98.6 

— 
0.0001 
0.0 
0.0001 
0.0 
0.0001 
0.0045 
0.0122 
0.0122 
0.0129 
0.0841 

3. 

98.7 
99.9 

— 
0.0001 
0.0 
0.0001 
0.0 
0.0053 
0.0129 
0.0129 
0.0137 
0.0849 

4. 

98.6 
100.0 
99.9 

— 
0.0001 
0.0 
0.0001 
0.0045 
0.0122 
0.0122 
0.0129 
0.0832 

5. 

98.7 
99.9 
100.0 
99.9 

— 
0.0001 
0.0 
0.0053 
0.0129 
0.0129 
0.0137 
0.0849 

6. 

98.6 
100.0 
99.9 
100.0 
99.9 

— 
0.0001 
0.0045 
0.0122 
0.0122 
0.0129 
0.0831 

7. 

98.7 
99.9 
100.0 
99.9 
100.0 
99.9 

— 
0.0053 
0.0129 
0.0129 
0.0137 
0.0848 

8. 

98.9 
99.5 
99.5 
99.5 
99.5 
99.5 
99.5 

— 
0.0107 
0.0107 
0.0114 
0.0808 

9. 

98.6 
98.8 
98.7 
98.8 
98.7 
98.8 
98.7 
98.9 

— 
0.0 
0.0001 
0.0801 

10. 

98.6 
98.8 
98.7 
98.8 
98.7 
98.8 
98.7 
98.9 
100.0 

— 
0.0001 
0.0801 

11. 

98.5 
98.7 
98.6 
98.7 
98.6 
98.7 
98.6 
98.9 
99.9 
99.9 

— 
0.0808 

12. 

92.3 
92.0 
92.0 
92.1 
92.0 
92.1 
92.0 
92.3 
92.4 
92.4 
92.3 

— 
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M.thermoformicicum CB12, SF-4, HN4 

M. thermofor-
M. thermoformicicum Z-245, micicum THF 

FTF, CSM3, FF1, FF3 

M. thermoautotrophicum A H 

M. thermoauto­
trophicum Marburg 

M.foi micicum 

Figure 3. Phylogenetic tree reflecting the intrageneric relationships of Methanobacterium strains. 

variations affected unpaired sequence regions that do not contribute to the stability of the 
secondary structure. In contrast, the other two third of the base substitutions were located 
in helical regions and most of those may affect the secondary structure of the 16S rRNA 
since only one position of a base pair was changed. Interestingly, the majority of those non­
compensatory base substitutions affected mispaired regions in the 16S rRNA of 
M.thermoautotrophicum Marburg and generated perfect base pairing in the 16S rRNA 
sequences of members of the Z-245 and the CB12 group. Inspection of all variable positions 
located in helical regions of the analyzed 16S rRNAs of M.thermoformicicum and M.thermo­
autotrophicum AH revealed that this is true for the majority of base substitutions (Table 2). 
. Two conclusions may be drawn from the 16S rRNA sequence comparison. Firstly, the 
species M.thermoformicicum consists of two groups of strains, the Z-245- and the CB12-
group, whose degree of phylogenetic relationship is as high as the relationship between each 
of these groups and M. thermoautotrophicum Marburg. Secondly, M.thermoautotrophicum AH 
is phylogenetically closer related to members of the Z-245-group than to 
M.thermoautotrophicum Marburg. 

The obtained 16S rRNA data are in congruence with the results derived from DNA-DNA 
hybridization studies and antigenic fingerprinting described by Touzel et al. (1992) and 
support their conclusions that the examined strains of M.thermoautotrophicum and 
M.thermoformicicum comprise at least three groups of considerable similar strains. As shown 
in Table 3, the M.thermoformicicum strains Z-245 and CB12 on the one and M.thermo­
autotrophicum Marburg on the other hand exhibit about 30% DNA-DNA similarity. Based 
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Figure 4. Secondary structure of the two variable regions VRI and VRII (see Fig. 2) of 16S rRNA 
sequences from strains of M.thermoautotrophicum and M.thermoformicicwn. The secondary structure 
shown is that from M.thermoautotrophicum Marburg (0stergaard et al., 1987). Variable positions 
found in the 16S rRNA sequences from members of the Z-245- and CB 12-group and from strain THF 
are indicated. A deleted nucleotide is denoted by (A). At position 153, the substitution (C) for (U) 
found for the majority of the strains is indicated. 

Table 2. Variable base pairs in 16S rRNA from strains of the genus Methanobacterium 

Position of 
base pair* 

122:154 
123:153 
164:182 
166:180 
167:179 
556:568 
715:752 
955:975 
1077:1099 
1217:1222 
1393:1401 
1394:1400 
1395:1399 

M. thermoautotrophicum 
Marburg 

UG 
GU 
U U 
C:G 
GU 
GU 
UG 
G:C 
GU 
UG 
G:C 
UG 
A:U 

M. thermoformicicum 

CB 12-group 

C:G 
G:C 
A:U 
AG 
U U 
A:U 
C:G 
GU 
A:U 
UG 
G:C 
C:G 
A:U 

Z-245-groupb 

C:G 
G:YC 

U U 
C U 
UU 
A:U 
C:G 
G:C 
A:U 
C:G 
A:U 
C:G 
A:Gd 

M.formicicum 

UG 
G:C 
G:C 
C U 
U U 
A:U 
C:G 
A:U 
G:C 
UG 
G-U 
UG 
C:G 

* Numbering follows M.thermoautotrophicum Marburg 16S rRNA. 
b Including M.thermoautotrophicum AH. 
° Y = pyrimidine. 
d M.thermoformicicum THF only. 

33 



25 
27 
27 
29 
33 
73 
97 

98.7 
98.6 
98.9 
98.6 
98.9 
99.5 
99.9 

on these low values it was proposed that those strains belong to different species (Touzel et 
al. 1992). In contrast, the strains whose 16S rRNA sequences were found to be most similar 
to that of M.thermoformicicum Z-245, i.e. those of the Z-245-group, exhibit DNA-DNA 
similarity values of more than 70% (Table 3). According to Wayne et al. (1987), this is 
sufficiently high to assign these strains to the same species as proposed by Touzel and 
coworkers (1992). Although no DNA-DNA hybridization data are available that compare 
members of the CB12-group with each other, their nearly identical 16S rRNA signatures 
suggest that those strains belong to the same species. 

Table 3. Comparison between DNA-DNA hybridization results (Touzel et al., 1992) and the levels of 16S rRNA 
sequence similarity 

Organism pair % of DNA-DNA % of 16S rRNA 
hybridization homology 

M.thermoformicicum Z-245 and M.thermoformicicum CB12 
M.thermoformicicum CB12 and M.thermoautotrophicum Marburg 
M.thermoformicicum CB12 and M.thermoformicicum THF 
M.thermoformicicum Z-245 and M.thermoautotrophicum Marburg 
M.thermoformicicum THF and M.thermoautotrophicum Marburg 
M.thermoformicicum Z-245 and M.thermoformicicum THF 
M.thermoformicicum Z-245 and M.thermoautotrophicum AH 

The present 16S rRNA sequence analysis confirms the recently proposed classification of 
several thermophilic Methanobacterium strains based on DNA-DNA similarity studies 
(Touzel et al., 1992) and allows to determine the phylogenetic relationship of the examined 
methanogens. Additional support for the new classification is provided by the fact that the 
obtained genomic relatedness of the three thermophilic Methanobacterium groups correlates 
well with the established antigenic relationships (Touzel et al., 1992). Moreover, the 
homogeneity of the Z-245-group including M. thermoautotrophicum AH is supported by recent 
phage-typing studies using the newly identified Methanobacterium phage $F1 (Nolling et al., 
1993a) and the presence of a specific DNA sequence possibly representing a mobile DNA 
element that was found to be restricted to strains of this group (Nolling et al., 1993b). 
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CHAPTER 3 

#F1 and $F3, two novel virulent, archaeal phages infecting different thermophilic 
strains of the genus Methanobacterium 

Jork Nolling, Alexander Groffen and Willem M. de Vos 

SUMMARY 

Two virulent, archaeal phages, $F1 and $F3, were isolated that were capable of infecting 
different thermophilic members of Methanobacterium. Both phages exhibited a similar 
morphology consisting of a polyhedral head and a tail but differed considerably in their host 
specificities and the size and topology of their genomes. Phage #F1 contained a linear, 
double-stranded DNA genome of 85 ± 5 kb in size and showed a broad host range including 
M.thermoformicicum strains Z-245, FTF, FF1, FF3 and CSM3, and M.thermoautotrophicum 
AH. In contrast, #F3 phage particles contained a circular genome, comprising approximately 
36 ± 2 kb double-stranded DNA, and could only be propagated on M.thermoformicicum 
FF3. Hybridization experiments did not reveal similarity between the genomes of $F1 and 
#F3 nor between both phages and genomic DNA from different thermophilic members 
Methanobacterium or from phage ̂ Ml of M.thermoautotrophicum Marburg. A physical map 
of both phage genomes was constructed. The DNA of phage #F1 was found to contain 
multiple GGCC-sites which form the target for restriction-modification (R/M) system MthTl 
of M.thermoformicicum THF. Therefore, restriction of #F1 DNA may explain the resistance 
of strain THF against infection by #F1. In contrast, the ability of *F1 to infect strains Z-245 
and FTF both of which harbor CTAG-specific R/M systems, is probably due to the presence 
of only a single CTAG-site in the genome of $F1. 

INTRODUCTION 

A variety of viruses and virus-like particles have been found in representatives of the three 
major lines of the archaebacteria (now termed Archaea; Woese et al., 1990), the 
methanogenic, the halophilic and the extreme thermophilic, sulfur-dependent organisms (for 
review: Zillig et al., 1988). All archaeal viruses and virus-like particles characterized so far 
contain double-stranded DNA genomes with a size ranging from less than 30 kb found for 
those infecting extreme thermophilic, sulfur-dependent Archaea up to 230 kb for the phage 
Jal of Halobacterium halobium (Zillig et al., 1988; Wais et al., 1975). 

One of the best studied archaeal phages is the lemon-shaped, temperate virus SSV1 from 
Sulfolobus shibatae whose circular, positively supercoiled 15.5-kb genome (Nadal et al., 
1986) is maintained either free or integrated into the chromosome of its host (Yeats et al., 
1982). The integration site (Reiter et al., 1989) and transcription units (Reiter et al., 1987) 
of the SSV1 genome have been mapped and its complete nucleotide sequence has been 
determined (Palm et al., 1991). Initially described as a virus-like particle which could not 
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be propagated on S.shibatae, SSV1 was recently shown to infect S.solfataricus and is thus 
a true virus (Schleper et al., 1992). Moreover, also transfection with SSV1 DNA has been 
demonstrated (Schleper et al., 1992). A temperate phage of the halophilic branch, $H, has 
also successfully been used to transfect spheroplasts of its host Halobacterium halobium 
(Cline and Doolittle, 1987). The linear 59-kb $H genome, whose transcription units were 
mapped (Zillig et al., 1986), is circularized upon lysogenization (Schnabel and Zillig, 1984b) 
and exhibits, similar to the genome of its host, a high degree of genetic variability (Schnabel 
et al., 1982) which is mediated by certain insertion elements, predominantly ISH1.8 (Zillig 
et al., 1988; Schnabel et al., 1984a). Similar to certain phages of the bacterial domain, 
modification of archaeal phage DNA has been observed for phage $N of H.halobium whose 
linear, 56-kb genome was found to contain 5-methyl-cytosine (Vogelsang-Wenke and 
Oesterhelt, 1988). 

For methanogens, at least one virus-like particle, isolated from Methanococcus voltae A3 
(Wood et al., 1989) and a putative prophage of Methanolobus vulcani (Wilharm et al., 1986) 
have been described. Two infective phage particles were isolated from Methanobrevibacter 
smithii, the lytic phages PG (Bertani and Baresi, 1986) and PMS1 (M. R. Knox and J. E. 
Harris, Abstr. XIV Internat. Congr. Microbiol. 1986, P.G3-8, p. 240) with genome sizes 
of 50 and 35 kb, respectively. The best characterized phage of the methanogenic branch is 
^Ml from the thermophilic Methanobacterium thermoautotrophicum Marburg (Meile et al., 
1989). This lytic phage contains a linear, circularly permutated 27.1-kb genome with a 
terminal redundancy of approximately 3 kb (Jordan et al., 1989). Interestingly, besides the 
concatemeric precursor of the phage DNA which is packaged by a headful mechanism, also 
multimers of the cryptic 4.4-kb plasmid pME2001 harbored by strain Marburg (Meile et al., 
1983) could be isolated from ^Ml particles (Meile et al., 1989). This relaxed packaging 
machinery is probably responsible for the recently demonstrated general transduction 
mediated by ^Ml (Meile et al., 1990). 

In the present study we report the isolation and initial characterization of two novel lytic 
archaeal phages, $F1 and $F3, capable of infecting different thermophilic strains of the 
genus Methanobacterium. 

MATERIAL AND METHODS 

Bacterial strains and phages 

Strains of M.thermoformicicum and M.thermoautotrophicum used in this study are listed in 
Table 1. Cultivation of methanogenic strains in liquid cultures or on solidified 0.8% Gelrite 
plates (Roth GmbH, Karlsruhe, FRG) was performed as described previously (Nolling et al., 
1991) except that 0.2 g/1 MgCl2 was used. DNA of phage ^Ml was a gift from L. Meile 
(Department of Microbiology, ETH Zurich, Switzerland) 

Isolation of methanogenic phages 

For the isolation of both phages $F1 and $F3 samples were taken anaerobically from an 
upflow anaerobic sludge-bed reactor operating at 55°C (Department of Environmental 
Engineering, University of Wageningen, The Netherlands) which already had served as 
source for the isolation of M.thermoformicicum strains FF1 and FF3 (Nolling et al., 1991). 
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For enrichment of phages, 10 ml of the samples were sterilized by filtration on a 0.2 /xm 
filter (Schleicher & Schuell, Dassel, FRG) and added to 100 ml serum bottles containing 20 
ml medium described by Nolling et al. (1991). These serum bottles were inoculated with 1 
ml of exponentially grown cultures of either strain FF1 or FF3 and incubated for at least two 
days under HJ/COJ at 55°C. Samples of the grown enrichment culture were tested for plaque 
formation on a lawn of the indicator strains FF1 and FF3. 

Table 1. Methanogenic strains used in this study 

Strain 

M. thermoformicicum 
Z-245 (DSM 3720)* 
FTF (DSM 3012) 
THF (DSM 3848) 
CB12 (DSM 3664) 
SF-4 
FF1 
FF3 
CSM3 
HN4 

M. thermoautotrophicutn 
AH (DSM 1053) 
Marburg (DSM 2133) 

Plasmid 
(size in kb) 

pFZl (11) 
pFZ2(ll) 

pFVl (13.5) 
-
-
-
-
-
-

-
pME2001 (4.4) 

Reference 

(Zhilinaetal., 1984) 
(Touzeletal., 1988) 
(Zinder and Koch, 1984) 
(Zhao et al., 1984) 
(Yamamoto et al., 1989) 
(Nolling etal., 1991) 
(Nolling etal., 1991) 
(Nolling etal., 1993) 
(Nolling etal., 1993) 

(Zeikus and Wolfe, 1972) 
(Fuchs et al., 1978) 

*DSM, German Collection of Microorganisms, Braunschweig, FRG. 

Propagation and titration of phages 

For small scale preparation of phage lysates, a single plaque was added to 100 ml serum 
bottles containing 20 ml medium (Nolling et al., 1991) inoculated with 1 ml of exponentially 
grown cultures of the appropriate methanogenic host (about 5 x 107 cells/ml) and incubated 
for one or two days at 55°C under H2/C02 atmosphere in a shaking incubator at 150 rpm. 
Large quantities of phage lysate were obtained under similar conditions using 1 1 serum 
bottles containing 0.2 1 medium inoculated with 0.2 ml phage lysate (approximately 10* 
PFU/ml) and 1 ml of a methanogenic culture. Alternatively, high titer lysates (109 PFU/ml) 
were prepared from plate lysates obtained by flooding agar plates showing confluent lysis 
with 1.5 ml SM-buffer (Sambrook et al., 1989). For routine propagation of phages, phage 
lysates were prepared in 100 ml serum bottles as described above, sterilized by filtration 
through a 0.2 jum filter and stored anaerobically at 4°C. 

Phage titers were determined by the soft agar overlay method essentially as described by 
Meile et al. (1989). Usually, 0.1 ml of (diluted) phage lysate was mixed with 0.3 ml 
exponentially growing cells and incubated for 20 min at room temperature to allow phage 
adsorption. Soft agar (2.5 ml of 0.7% agar) was added and the mixture was poured onto 
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freshly prepared and dried Gelrite plates (Nolling et al., 1991). The plates were incubated 
upside down at 55°C under H2/C02 atmosphere for one to three days. 

Isolation of DNA 

Phage lysates were centrifugated at 10,000 x g for 10 min and the supernatant was collected. 
DNase and RNase A (Boehringer GmbH, Mannheim, FRG) were added to a final 
concentration of 0.2 fig/ml, and the supernatant was gently stirred for 1 h at room 
temperature. Phage particles were precipitated by adjusting the supernatant to 1 M NaCl and 
10% (wt/vol) polyethylene glycol 6000, followed by an overnight incubation at 4°C. The 
phage precipitate was recovered by centrifugation at 10,000 x g for 10 min at 4°C and gently 
resuspended in SM-buffer. After addition of sodium dodecyl sulfate and EDTA to a final 
concentration of 0.5 % and 20 mM, respectively, the suspension was treated with proteinase 
K (0.1 mg/ml; Boehringer GmbH, Mannheim, FRG) for 1 h at 56°C. The DNA was 
deproteinized by several phenol/chloroform extractions followed by an extraction with 
chloroform. Finally, the DNA was precipitated with ethanol and dissolved in TE buffer (10 
mM Tris/HCl pH 8.0, 1 mM EDTA). 

Total DNA from strains of the genus Methanobacterium was isolated as described by 
Nolling et al. (1991). 

Manipulation and hybridization of DNA 

All restriction enzymes were purchased from Life Technologies Inc. (Gaithersburg, Md.) and 
used according to the instructions of the supplier. R.MthZl and R.Afr/iTI endonuclease assays 
were performed as described earlier using extracts prepared from M.thermoformicicum Z-245 
(Nolling and de Vos, 1992b) and from E.coli harboring pURM4AM with the cloned mthTIR 
gene from plasmid pFVl of M.thermoformicicum THF (Nolling and de Vos, 1992a), 
respectively. To remove histone-like proteins present in the extracts prepared from strain Z-
245, R.MthZl assays were deproteinized prior gel electrophoresis as described previously 
(Nolling and de Vos, 1992b). 

For DNA-DNA hybridization, DNA was transferred from agarose gels to Hyperbond 
membranes by a capillary blot procedure as specified by the supplier (Amersham, United 
Kingdom). For preparation of DNA probes, either total phage DNA or DNA fragments 
isolated from agarose gels using the Geneclean kit (Bio 101, La Jolla, Calif.) were labelled 
by nick-translation (Sambrook et al., 1989) with [a-32P]dATP (Amersham, United Kingdom). 
Prehybridization and hybridization were performed as described earlier (Nolling et al., 1991). 
Washing procedures were carried out in 2 x SSC/0.1 % SDS at 55°C (medium stringent) and 
in 0.1 x SSC/0.1% SDS at 65°C (stringent). 

Electron microscopy 

Preparations of $F1 and $F3 were placed on Formvar-coated cooper grids and stained with 
1% uranyl acetate. The electron microscope used for examination was a Philips CM12. 
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RESULTS 

Morphology of phage $F1 and #F3 

We have previously reported the isolation of the M.thermoformicicum strains FF1 and FF3 
from an anaerobic, thermophilic digestor (Ndlling et al., 1991). Both strains served as 
indicator for the enrichment and subsequent isolation of two phages from the same anaerobic 
digestor, which accordingly were designated $F1 and $F3. 

Electron microscopy of negatively stained phage preparations revealed a similar 
morphology of both phages $F1 and #F3. Phage $F1 consists of a isometric, icosahedric 
capsid approximately 70 nm in diameter and a nonflexible tail of approximately 160 nm in 
length and 20 nm wide (Fig. 1 A). Phage $F3 is composed of a isometric, icosahedric head 
of approximately 55 nm in diameter and a 230 nm long and 9 nm wide tail which is flexible 
in contrast to that of phage $F1 (Fig. IB). The $F3 tail consists of about 60 transversal 
segments (Fig. IB). Since no shortened tails were detected, the tails of <£F1 and $F3 are 
probably not contractible. The morphology of both $F1 and $F3 is that of Bradley's 
classification group B (Bradley, 1967). 

•«t 

'? 

i f fc*.y-." jk •-'_» . 

A 

Figure 1. Negatively stained $F1 (A) and $F3 (B) particles. The bars represent 70 nm. 
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Host specificity of phage $F1 and $F3 

All known strains of M.thermoformicicum and the M.thermoautotrophicwn strains Marburg 
and AH were tested for sensitivity to phages #F1 and $F3. As summarized in Table 2 both 
phages differ with respect to their host range. While phage $F3 could only be propagated 
on M.thermoformicicum FF3, phage $F1 was found to infect a variety of strains including 
M.thermoformicicum strains Z-245, FTF, FF1, FF3 and CSM3, and M.thermoautotrophicwn 
AH. No plaque formation was observed when each of the other strains was used as an 
indicator even not after increasing the number of phages to approximately 105 PFU per plate. 

Table 2. Host range of phage $F1 and $F3 

Strain *F1 ' *F3* 

M. thermoformicicum 

M. thermoautotrophicum 

Z-245 
FTF 
THF 
CSM3 
FF1 
FF3 
CB12 
SF-4 
HN4 
AH 
Marburg 

+ 
+ 
-
+ 
+ 
+ 
-
-
-
+ 
-

* +, indicates efficiency of plating of more than 10"' while 
- , indicates efficiency of plating of less than lO"5. 

Lysates produced by $F1 on either host and $F3 lysates contained similar amounts of 
infective particles and titers of 1-5 x 106 PFU/ml were obtained. Phage $F1 formed clear 
and small (< 1 mm in diameter) plaques that became visible after 2-3 days of incubation. 
The clear plaques produced by phage $F3 had a size of approximately 2 mm in diameter and 
could already be detected after about 20 h of incubation. Storing the lysates produced by 
either phage in the presence of oxygen did not affect the phage titer. 

Genomes of phage $F1 and #F3 

The genome of the phages *F1 and $F3 is a double-stranded DNA molecule which served 
as a good substrate for cleavage by seventeen type II restriction endonucleases with different 
specificity. For the calculation of the genome sizes and for the construction of physical maps, 
we have used several commercially available restriction endonucleases and those produced 
by M.thermoformicicum strains THF and Z-245, the GGCC-specific R.MthTl (Nolling and 
de Vos, 1989a) and the CTAG-recognizing R.MthZl (Nolling and de Vos, 1989b), 
respectively. 

The size of the $F1 genome was estimated to be 85 ± 5 kb by summing up the length of 
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the restriction fragments derived from digestion with Sail (15 fragments; Fig. 2) and a triple 
digest with Xbal-Notl-Mlul (eight fragments). Further restriction analysis revealed no sites 
for Sfil, one site for Xbal and MthZI (Fig. 2) and three sites for MM (Fig. 2) and Notl. The 
latter three enzymes were used in double- and triple digestions for the construction of a 
physical map which showed that $F1 contains a linear genome (Fig. 3). Incubation of #F1 
DNA with MthTl generated multiple fragments, the majority of which were smaller than 1 
kb (data not shown). To examine whether $F1 contains cohesive ends, MM-digested phage 
DNA was heated to 78°C for 10 min and immediately cooled on ice. Separation by agarose 
gel electrophoresis together with non-heated MM-digested #F1 DNA did not reveal any 
difference in restriction pattern (data not shown). 

A B 

1 2 3 4 2 3 4 5 6 7 

Figure 2. Restriction ana­
lysis of DNA prepared 
from phage $F1 (panel 
A) and $F3 (panel B). 
(A) Approximately 0.3 
fig $F1 DNA undigested 
(lane 1), and digested 
with MthZI (lane 2), MM 
(lane 3) and Sail (lane 
4). (B) Approximately 
0.5 ng $F3 DNA undi­
gested (lane 1), and 
digested with SalY (lane 
2), SaR-Sstl (lane 3), 
SaR-Sstl-MthZl Gane 4), 
Saa-MthZl (lane 5), Sstl-
MthZl (lane 6), and 
MthZI (lane 7). Lanes 
s showffi/uflll-digested 
X DNA as size marker. 

Restriction digestion of phage $F3 DNA with Sail and MthZI produced four and three 
fragments, respectively (Fig. 2). If the *F3 genome is linear, this would correspond to three 
Sail- and two Mr/iZI-sites for the $F3 genome which would generate six restriction fragments 
upon a double digestion with both endonucleases. However, we observed seven fragments 
derived from digestion of <i>F3 DNA with Sail followed by incubation with MthZI (Fig. 2). 

43 



Interpretation of these results led to the conclusion that phage $F3 contains a circular 
genome. Mapping of the restriction sites for Sstl, Hindlll, Sail and MthZI confirmed the 
circular configuration of the #F3 genome which had a calculated size of 36 ± 2 kb (Fig. 3). 
The circularization of the $F3 genome seems not to be mediated by cohesive ends since 
heated (78°C for lOmin) and non-heated Sa/I-digests of $F3 DNA showed no differences in 
restriction pattern after separation by agarose gel electrophoresis (data not shown). 

Xbal/MlhZI 

Not I Not I 

"T 
40 

$F1 (85 kb) 
80 

Figure 3. Physical maps of the linear genome of $F1 and the circular genome of $F3. Sizes are 
given in kilobases. 

Homology of $F1 and $F3 DNA with DNA from other sources 

Hybridization studies using radioactively labelled $F1- and *F3 DNA revealed no similarity 
to digested total DNA from the Methanobacterium strains used in this study (data not 
shown). In addition, no cross-hybridization was observed between DNA from $F1, $>F3, 
^Ml DNA (data not shown). 

Since phage ^Ml was found to package multimers of plasmid pME2001 harbored by its 
host M.thermoautotrophicum Marburg (Meile et al., 1989), we tested whether phage #F1 
contained (fragments of) plasmid pFZl DNA from M.thermoformicicum Z-245. For this 
purpose, we extracted DNA from phages propagated on strain Z-245 and the plasmid-free 
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M.thermoautotrophicum AH and hybridized it, after digestion and subsequent blotting, to the 
three cloned Kpnl fragments of plasmid pFZl labelled by nick-translation (Ndlling et al., 
1991). The DNA from #F1 phage particles propagated either on strain showed no 
hybridization with pFZl (data not shown) indicating that $F1 does not have the capacity to 
package pFZl DNA. 

DISCUSSION 

Two novel lytic phages *F1 and'$F3 capable of infecting different thermophilic strains of 
the archaeal genus Methanobacterium were described. Both phages $F1 and $F3 were 
composed of a polyhedral head and a tail similar to the morphology of the phages found for 
halophilic and methanogenic Archaea, with the exception of the virus-like particle of 
Methanococcus voltae A3 (Wood et al., 1989). 

Neither $F1 nor $F3 contained sequences with similarity to DNA from any of the phages 
or methanogens used in this study. The lack of sequence similarity between $F1, $F3 and 
^Ml would imply that these phages use different mechanism to induce lysis of the host cell. 
Since lysis of M.thermoautotrophicum Marburg is mediated by a phage encoded 
pseudomurein endopeptidase (Stax et al., 1992), $F1 and #F3 may either specify a different 
lytic activity or induce autolysis of the host. 

Phage $F1 contains a linear genome consisting of approximately 85 kb which so far is the 
largest genome reported for a methanogenic phage. In contrast, DNA extracted from $F3 
phage particles was approximately 36 kb in size and showed a circular configuration which 
is an unusual topology for the genome of a tailed phage. A similar genome topology was, 
however, found for the virus-like particle from Methanococcus voltae A3 which contains a 
23-kb DNA molecule (Wood et al., 1989) and the 15.5-kb genome of the virus SSV1 from 
Sulfolobus shibatae (Nadal et al., 1986). The circular form of the *F3 DNA suggests that 
its genome is either replicated and packaged as a monomer or that replication of $F3 DNA 
results in a (linear or circular) multimeric form which is resolved into circular monomers 
during packaging. 

The phages $F1 and $F3 differ remarkably in their host range. Similar to phage ^Ml of 
M.thermoautotrophicum Marburg, phage $F3 has a narrow host range and could only be 
propagated on M.thermoformicicum FF3 which served as indicator strain for the isolation of 
$F3. In contrast, phage $F1 was capable to infect five strains of M.thermoformicicum and 
M.thermoautotrophicum AH. This broad host-range of $F1 is relevant in the context of the 
recently reported phylogenetic studies on thermophilic strains of the genus 
Methanobacterium. Based on DNA-DNA similarity (Touzel et al., 1992) and 16S rRNA 
analysis (Ndlling et al., 1993) these studies provided evidence for the conclusion that (i) the 
species M.thermoformicicum can be divided into two groups of strains, the Z-245- and CB12-
group, which may constitute different species, (ii) strain M.thermoautotrophicum AH belongs 
to the Z-245-group, and (iii) M.thermoautotrophicum Marburg is clearly different from either 
of those strains. The host range of $F1 that includes M.thermoformicicum strains Z-245, 
FTF, CSM3, FF1 and FF3, and M.thermoautotrophicum AH, all of which are closely related 
members of the Z-245-group, supports the proposed different taxonomic position of these 
thermophilic Methanobacterium strains (Touzel et al., 1992; Nolling et al., 1993). 

Phage $F1 failed, however, to infect M.thermoformicicum THF which is a more distantly 
related member of the Z-245-group (Touzel et al., 1992; Nolling et al., 1993). Although 
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strain THF could be a trivial phage-resistant mutant it is also possible that the penetrated *F1 
DNA is inactivated by endonuclease attack of the plasmid-encoded, GGCC-recognizing type 
II restriction-modification (R/M) system MtKTl of strain THF (Nolling and de Vos, 1992a). 
If so, the R/M system of strain THF would be more efficient in protecting against phage $F1 
infection than the R/M systems MthZI and MtKPl of strains Z-245 and FTF, respectively, 
that are specific for the sequence CTAG (Nolling and de Vos, 1992b). The extreme 
difference in the frequency of appropriate endonuclease target sites in the 80 kb genome of 
$F1 , i.e. a single CTAG-site versus multiple GGCC-sites, would support this assumption 
(Fig. 2 and 3). Although CTAG is one of the rarest occurring tetranucleotides in DNA of 
methanogens (Nolling, unpublished results) the exceptionally strong bias against CTAG found 
in the genome of $F1 could well be a result of counterselection against restriction sites in 
the phage DNA in order to escape the host-controlled restriction barrier. Such an 
antirestriction mechanism is one of the phage-derived defense strategies known to be realized 
by certain bacterial bacteriophages to avoid restriction by the host (Kriiger and Bickle, 1983). 

The specificity of phage $F3 for M.thermoformicicwn FF3 as only host was unexpected 
since strain FF3 belongs to the. group of closely related strains that serve as host for 4>F1. 
The existence of a type II restriction barrier is not likely since, in contrast to 
M.thermoformicicum strains THF, Z-245 and FTF, extracts prepared from strains FF3, FF1 
and CSM3 and M.thermoautotrophicum AH did not contain detectable site-specific 
endonuclease activities (Nolling and de Vos, 1992b). These findings suggest that phage $F3 
depends on a specific factor which is only present in strain FF3 or that the other strains of 
the Z-245-group contain additional phage defense mechanisms such as type I or III R/M 
systems. 
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Seven strains of the formate-utilizing thermophilic methanogen Methanobacterium thermoformicicum were 
screened for the presence of extrachromosomal DNA. Covalently closed circular plasmid DNA was detected in 
three strains, Z-245, FTF and THF. No plasmids were found in strains CB12 and SF-4, nor in two new isolates, 
FF1 and FF3. The plasmid from strain Z-245, designated pFZl, and that from strain FTF, designated pFZ2, were 
approximately 10-5 kb in size and contained homologous and similarly sized restriction fragments. A physical map 
of plasmid pFZl was constructed and three X/viI-fragments comprising the entire plasmid were cloned in 
Escherichia cott using pUC19. Plasmid pFVl isolated from strain THF was approximately 14 kb in size and 
contained regions with strong homology to pFZl DNA. Using the Methanobacterium formicicumfdhA gene as a 
hybridization probe the strains of the species M. thermoformicicum could be classified into two major groups. 

Introduction 

The concept of the Archae forming one of the three 
domains of living organisms (Woese el al., 1990) has 
generated considerable interest in identifying and char­
acterizing archaeal extrachromosomal elements in order 
to study gene transfer in and develop transformation 
systems for these unique organisms. Furthermore, 
detailed knowledge of these extrachromosomal elements 
contributes to understanding their evolution and their 
possible interaction with the chromosome of their hosts. 

The presence of viruses and virus-like particles has 
been described in various representatives of the archaeal 
domain, including sulphur-dependent, halophilic and 
methanogenic species (for reviews, see Brown et al., 
1989; Wood et al., 1989). Several plasmids up to 150 kb 
in size have been isolated from halophilic bacteria 
(Browne/ al., 1989). Some of these appear to be involved 
in genome instability (Pfeifer et al., 1981) and carry genes 
with known functions (DasSarma et al., 1987). In 
contrast, all plasmids isolated so far from methanogens 
are cryptic. These include four plasmids derived from 
Methanococcus (Wood et al., 1985; Zhao et al., 1988), one 
from Methanosarcina acetivorans (Sowers & Gunsalus, 
1988), one from Methanolobus vulcani (Thomm et al., 
1983), which also may be a phage (Wilharm et al., 1986), 
and a plasmid from Methanobacterium thermoautotrophi-
cum strain Marburg (Meile et al., 1983). In this report we 

describe the isolation of plasmid DNA from three strains 
of M. thermoformicicum and the characterization of one 
of these plasmids, the cryptic plasmid pFZl from strain 
Z-245. Furthermore, we identify plasmid-free M. thermo­
formicicum strains which may be used as recipient strains 
in a transformation system. 

Methods 
Bacterial strains and vectors. Table 1 lists the strains of M. 

thermoformicicum used in this study. M. formicicum strain MSI (DSM 
3636) was kindly provided by G. D. Vogels (Department of 
Microbiology, University of Nijmegen, The Netherlands). M. wolfei 
(DSM 2970) and M. thermoautotrophicum strains Marburg (DSM 2133) 
and AH (DSM 1053) were from the German Collection of Micro­
organisms, Braunschweig, FRG. Escherichia coli strain DH5o and 
plasmid pUC19 (Yanisch-Perron et al., 1985) were obtained from Life 
Technologies. 

Growth conditions. M. formicicum, M. thermoformicicum and M. 
thermoautotrophicum were grown on minimal medium containing, per 
litre (J. P. Touzel, personal communication): KH2P04, 0-3 g; NH4C1, 
10g; NaCl, 0-6g; MgCl2.6H20, 01 g; CaCl2.2H20, 006g; 
NaHC03, 4-0 g; trace element solution, 10 ml [prepared according to 
Touzel & Albagnac (1983), except that 005g A1C1S.6H20 1"' was 
added]. For cultivation in serum bottles 0-5 g cysteine hydrochloride l - ' 
was added. The pH of the medium was adjusted to 7-2. For growth of 
M. wolfei, the medium was supplemented with 2-6 mg Na2 W04. 2H20 
1"' (Winter et al., 1984). After autoclaving under N2/C02 (4:1, v/v) the 
headspace was flushed with 300 kPa H2/C02 (4:1) and 0-5g 
Na2S.9H20 1"' was added. Except for U. formicicum, all methano-
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Table 1. M. thermoformicicum strains screened for the 
presence ofplasmid DNA 

Strain 

Z-245 (DSM 3720) 
FTF (DSM 3012) 
THF (DSM 3848) 
CB12 (DSM 3664) 
SF-4 

FF1 
FF3 

Plasmid DNA 
(size in kb) 

pFZl (10-5) 
pFZ2 (10-5) 
pFVl (14) 

-

-
-

Source* 

DSM* 
DSM 
DSM 
DSM 
K. Yamamoto, Osaka 
City University, 
Japan 
This work 
This work 

*DSM, 
FRG. 

German Collection of Microorganisms, Braunschweig, 

genie strains were cultivated according to Schonheit et al. (1980) in 0-81 
and 101 fermenters containing 0-51 and 81 of medium, respectively. 
For growth in fermenters Na2S was replaced by 0-62 g thiosulphate 1"' 
and 0-5 g cysteine I"1 (J. Korteland, personal communication). In 
addition 10u.g streptomycin ml-1 was added. Prior to entering the 
vessel, the gas mixture was led through the gas phase of a closed bottle 
filled with 100 ml Na2S (0-1 g 1_1) serving as a reducing agent. The 
cultivation temperature was 37 °C for M. formicicum, 55 °C for M. 
thermoformicicum strains Z-245, FTF, CB12, SF-4, FF1 and FF3, and 
65 °C for M. thermoformicicum strain THF, M. thermoautotrophicum 
strains Marburg and AH and M. wolfei. E. coli strain DH5cc was grown 
in L-broth and handled as described by Maniatis et al. (1982). 

Isolation of DNA. Pelleted cells were resuspended in TE buffer 
(10mM-Tris/HCl, pH 80, 1 mM-EDTA) at a concentration of 1 g wet 
weight in 5 ml buffer. After addition of SDS to a final concentration of 
0-5%, proteinase K (0-1 mg ml - ' ; Boehringer Mannheim) and about a 
one-third volume equivalent of glass beads (0-3 mm), the suspension 
was incubated for 1 h at 56 °C. After cooling on ice the suspension was 
vigorously shaken for 15 s on a Vortex mixer and then kept on ice for 
15 s. This shaking/cooling procedure was repeated 5-10 times until the 
cell suspension became viscous. Subsequently, the suspension was 
thoroughly deproteinized by several phenol/chloroform extractions 
followed by an extraction with chloroform. Finally, the nucleic acids 
were precipitated with ethanol and dissolved in TE buffer. In some 
cases, plasmid DNA was isolated by CsCl/ethidium bromide density-
gradient centrifugation (Maniatis et al., 1982). 

For copy-number determination of plasmid pFZl, total DNA was 
isolated from lysed protoplasts of M. thermoformicicum strain Z-245 to 
avoid possible nicking. For this purpose late-exponential phase cells, 
grown in serum bottles as described above, were harvested and 
incubated anaerobically with an autolysate of Af. wolfei until 
protoplasts were formed, essentially as described by Mountfort et al. 
(1986). These protoplasts were washed with phosphate/sucrose buffer 
(Mountfort et al., 1986) and resuspended in ice-cold TE buffer to lyse 
the protoplasts. The DNA was further purified as described above. 

Isolation of formate-utilizing, thermophilic methanogens. Samples were 
taken from a thermophilic (55 °C) upflow anaerobic sludge-bed reactor 
(Department of Environmental Engineering, University of Wagenin-
gen, The Netherlands) and inoculated into serum bottles containing 
20 ml of a selective medium for formate-utilizing methanogens. This 
consisted of minimal medium as described above with the addition of 
50mM-sodium formate, 50mM-Tris/HCl, pH 7-3, 001 g yeast ex­
tract l-1 and 10 ml vitamin solution l - ' [prepared according to Balch et 
al. (1979), except that lipoic acid was omitted]. The cultures were 
incubated anaerobically at 55 °C under an N2/C02 atmosphere 

(200 kPa overpressure). When the cultures became turbid, samples 
were plated on selective medium supplemented with 0-62 g thio­
sulphate 1~' and 0-5 g cysteine l_l instead of Na2S and solidified with 
0-8% Gelrite (Roth), followed by incubation at 55 °C under an N :/C02 

atmosphere. Colonies became visible after about 1 week and were 
transferred anaerobically into serum bottles containing selective 
medium followed by incubation at 55 °C. After growth had developed 
the cultures were inspected microscopically and methane production 
was determined with a Becker gas-chromatograph model 417 with a 
TCD detector. The plating and inoculation procedures were repeated 
twice for methane-producing cultures. 

DNA manipulations. Chromosomal and plasmid DNA were digested 
with endonucleases obtained from Life Technologies. For cloning into 
E.coli (Maniatis et al., 1982), DNA fragments of both vector and insert 
DNA were isolated from agarose gels using a Geneclean kit as 
described by the supplier (Bio 101). Transfer of DNA from agarose gels 
to GeneScreen Plus membranes (NEN-Du Pont) was carried out using 
a capillary blot procedure as described by the supplier. The DNA probe 
was produced by labelling DNA by nick-translation (Maniatis et al., 
1982) with [<x32P)dATP (Amersham). If mixed probes were used, equal 
amounts of DNA fragments were labelled. 

Results 

Isolation ofplasmid DNA and characterization ofplasmid 
pFZl 

Bacteria belonging to the species Methanobacterium have 
a rigid cell wall, with pseudomurein as the primary 
component, which is resistant to methods commonly 
used for lysis of bacterial cells. Therefore, we disrupted 
the cells by mechanical force using glass beads as has 
previously been described for the successful disruption of 
fungal spores (Van Etten & Freer, 1978). Both chromoso­
mal and plasmid DNA from M. thermoautotrophicum 
strain Marburg (Meile et al., 1983) could be isolated 
efficiently, which made the method suitable for the rapid 
screening of methanogens for the presence of plasmid 
DNA. 

Using this procedure, we detected extrachromosomal 
DNA in M. thermoformicicum strain Z-245 (Fig. 1 a, lane 
3). To investigate the identity of this DNA, total DNA 
from strain Z-245 was subjected to CsCl/ethidium 
bromide density-gradient centrifugation and the cova-
lently closed circular (ccc)-fraction, consisting of super-
coiled plasmid, was isolated. Except for some residual 
chromosomal DNA, the DNA of the ccc-fraction 
comigrated upon agarose gel electrophoresis with the 
extrachromosomal DNA band found in the total DNA 
(Fig. 1 A, lanes 3 and 4). 

Comparison with supercoiled DNA markers indicated 
that the plasmid, which was designated pFZl, had a size 
of approximately 10-5 kb. A physical map of pFZl 
containing 31 restriction sites was constructed (Fig. 2). 
Digestion of pFZl with Kpnl resulted in the formation of 
three DNA fragments of 2-1, 3-7 and 4-7 kb, fragments I, 
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Fig. 1. Agarose gel electrophoresis (a) and Southern hybridization (b) of ptasmid pFZl DNA purified by CsCl/ethidium bromide 
density-gradient centrifugation from hi. thermoformicicum strain Z-245. Lanes 1 and 10, ///ndlll-digested phage A DNA; lane 2, 
supercoiled size marker (with sizes from top to bottom of 16-2,14-2,121,101, 81, 70,60, 50,40, 30 and 20 kb) (Life Technologies), 
lane 3, total undigested DNA of strain Z-245; lanes 4,6 and 8, ccc plasmid DNA fraction, undigested, and digested by BamHl and Kpnl, 
respectively; lanes 5, 7 and 9, oc fraction, undigested, and digested with BamHl and Kpnl, respectively. The autoradiograph (/>) is of the 
corresponding Southern blot hybridized under stringent conditions with equal amounts of Kpnl fragments I, II and III of plasmid pFZl 
labelled by nick-translation. The position of linear DNA size markers (in kb) is shown on the left. 

II and III respectively (Fig. 2). All three Kpnl fragments 
were cloned in E. coli using pUC19 and used as probe in 
subsequent hybridization experiments. DNA purified 
from strain Z-245 by CsCl/ethidium bromide density-
gradient centrifugation was digested with BamHl and 
Kpnl, separated by agarose gel electrophoresis, blotted 
and hybridized to labelled pFZl fragments (Fig. 16, 
lanes 6-9). Only the expected fragments of plasmid DNA 
present in the total DNA showed hybridization, indicat­
ing that no sequences homologous to plasmid pFZl are 
present in the chromosomal DNA of strain Z-245 (see 
also Fig. 3). Furthermore, using pFZl DNA as probe, no 
pFZl DNA could be detected in the supernatant of a 
culture of strain Z-245 with methods commonly used for 
the isolation of bacteriophage DNA (Maniatis et at., 
1982; Wood et al., 1989). 

We also detected plasmid DNA in M. thermoformici­
cum strains FTF and THF; these plasmids were designat­
ed pFZ2 and pFVl, respectively (Table 1). Plasmid 
pFZ2 was similar in size to plasmid pFZl (10-5 kb, see 
below). In contrast, plasmid pFVl was larger than 
plasmid pFZl, with a size of approximately 14 kb as 
revealed by comparison of ccc-DN A from plasmid pFVl 
isolated by CsCl centrifugation with supercoiled DNA 

Fig. 2. Restriction map of plasmid pFZl. The three subcloned Kpnl 
fragments I, II and III that were cloned using pUC19 are indicated in 
the inner circle. Sizes are given in kb. 
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Fig. 3. Southern hybridization of total DNA from M. thermoformicicum strains Z-245, FTF and THF with labelled pFZl DNA. Total 
DN A (about 1 -5 ug each) of strains Z-245 (lanes 2 and 6), FTF (lanes 3 and 7) and THF (lanes 4 and 8) was digested with Xhol (panels a, 
b and c) and ///ndlll (panel d) and separated by agarose gel electrophoresis. Blots were hybridized under stringent conditions to equal 
amounts of Kpnl fragments I (a), II (b) and III (c), and to all three fragments (</), labelled by nick-translation. Lanes 1', 1" and 1" contain 
purified Kpnl fragments I, II and III of plasmid pFZl, respectively, used as the probe; lane 5 contains all three Kpnl fragments. The 
position of linear DNA size markers (in kb) is shown on the left. 

markers separated by agarose gel electrophoresis (data 
not shown). No extrachromosomal DNA was detected in 
M. thermoformicicum strains CB12 and SF-4 or in the 
new isolates, strains FF1 and FF3. 

Determination of the copy-number of plasmid pFZl 

To determine the copy-number of plasmid pFZl several 
dilutions of total DNA isolated from strain Z-245 were 
analysed by agarose gel electrophoresis. By comparing 
the intensity of plasmid and chromosomal DNA bands 
we found that the intensity of the ccc-plasmid band in the 
undiluted fraction was comparable with that of the 
chromosomal DNA band in the fraction diluted 40 
times. Assuming that the size of the chromosomal DNA 
of M. thermoformicicum strain Z-245 is equivalent to that 
of M. thermoautotrophicum strain Marburg 
(1-2 x 109 Da) (Brandis et al., 1981), this indicates that 
strain Z-245 contains at least four copies of pFZl per 
chromosome. 

Sequence homologies between plasmid pFZl and DNA 
from other methanogens 

None of the labelled X/wI-fragments of pFZl (Fig. 2) 
hybridized to total DNA of M. thermoautotrophicum 
strains Marburg and AH, M. formicicum strain MSI or 
M. thermoformicicum strains CB12 and SF-4 and the new 
isolates FF1 and FF3 (data not shown). In contrast, 
hybridization of these pFZl DNA fragments was 
observed to total DNA isolated from strains FTF and 
THF. Subsequent experiments using undigested and 
digested DNA of both these strains showed that this was 
due to homology of pFZl DNA with the plasmid DNA 
of strains FTF and THF (data not shown). 

To determine the degree of homology between the 
plasmids, total DNA isolated from M. thermoformicicum 
strains Z-245, FTF and THF was digested with Xho\ and 
Hindlll, separated by agarose gel electrophoresis, blot­
ted and hybridized to the individually labelled Kpnl 
fragments I, II and III of pFZl (Fig. 2). The results (Fig. 
3) indicate that (i) the hybridizing fragments of DNA 
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Fig. 4. Southern hybridization of total DNA of M. thermoformicicum 
with the Ai. formicicum fdhA gene. Total DNA (about 1-5 jxg each) of 
strains Z-245 (lane 1), FTF (lane 2), THF (lane 3), CB12 (lane 4), SF-4 
(lane 5), FF1 (lane 6) and FF3 (lane 7) was digested with BamHl and 
separated by agarose gel electrophoresis. After transfer to a nylon 
membrane, the DNA was hybridized under moderately stringent 
conditions with a 2-2 kb Sphl-BamHl fragment containing the fdhA 
gene from M. formicicum strain JF-1, labelled by nick-translation 
(Shuber et at., 1986; kindly provided by J. G. Ferry, Department of 
Anaerobic Microbiology, VPI, Blacksburg, Va., USA). The position of 
linear DNA size markers (in kb) is shown on the left. 

from strains Z-245 and FTF are of identical size (Fig. 3, 
lanes 2, 3, 6 and 7), corresponding with that expected 
from pFZl (Fig. 2); (ii) a different hybridization pattern 
is obtained with DNA from strain THF (Fig. 3, lanes 4 
and 8); and (iii) that pFZl has no detectable homology 
with the chromosomal DNA of all three strains. 

To analyse the high similarity of plasmid DNA from 
strains M. thermoformicicum Z-245 (pFZl) and FTF 
(pFZ2) in more detail, total DNA from both strains 
was digested with restriction enzymes known to have 
several recognition sites in plasmid pFZl and, after 
separation and blotting, the DNA was hybridized to 
labelled pFZl DNA. All 31 restriction fragments 
derived from digestion of plasmid DNA of both strains 
with EcoRl, Pstl, Apal, Rsal, Alul, Haelll and Mspl 
were found to have the same size (data not shown). 

Hybridization of M. thermoformicicum strains to fdhA 

As described above M. thermoformicicum strains Z-245, 
FTF and THF harbour plasmids that are (partially) 
homologous whereas other strains lack plasmid DNA. 
Using the M. formicicum fdhA gene as a hybridization 
probe, the relationship between the M. thermoformicicum 
strains was examined. As shown in Fig. 4 M. thermofor­
micicum strains fell into two groups on the basis of 
hybridization patterns of total DNA: one group, 
designated the Z-245 group, comprised strains Z-245, 
FTF and THF (lanes 1, 2 and 3); a second, designated 
the CB12 group, included strains CB12 and SF-4 (lanes 4 
and 5). Within these two groups the hybridization 
patterns were identical except that strain THF showed a 
different minor hybridization species (Fig. 4, lane 3). 

The fdhA gene was also hybridized to DNA of the new 
strains FF1 and FF3. These strains were assigned to M. 
thermoformicicum because of their capacity to produce 
methane at 55 °C using either H2 /C02 or formate as 
substrate, and their similar morphology to known M. 
thermoformicicum strains. The hybridization results (Fig. 
4) show that strains FF1 and FF3 seem to be different 
from each other since the major hybridization species 
has a slightly different mobility in each case (lanes 6 and 
7). Both strains, however, show very similar hybridiza­
tion patterns that resemble that of strain Z-245, and 
therefore these new strains may be assigned to the Z-245 
group (lanes 2, 6 and 7). Interestingly, both strains FF1 
and FF3 lack plasmid DNA, in contrast to all other 
strains of the Z-245 group (Table 1). 

Discussion 

The present report describes the identification, isolation 
and characterization of extrachromosomal DNA from 
the thermophilic, formate-utilizing M. thermoformicicum 
strains Z-245, FTF and THF. The extrachromosomal 
DNA of strain Z-245 has the characteristics of plasmid 
DNA, being isolated in a ccc-form by CsCl/ethidium 
bromide density-gradient centrifugation and not detect­
able in the culture supernatant as described for virus-like 
particles of Methanococcus voltae (Wood et ai, 1989). In 
addition, pFZl shows no homology with the chromo­
somal DNA of the host strain Z-245 nor with that from 
other species of the genus Methanobacterium tested in 
this study (Figs 1 and 3). This is, to our knowledge, the 
first report of the presence of plasmid DNA in formate-
utilizing, thermophilic methanogens. Plasmid pFZl is a 
relatively low-copy-number plasmid with a minimal four 
copies per chromosome of strain Z-245 and is stably 
maintained in its host during several serial transfers in 
the laboratory. At present we have not been able to 
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assign a specific function to pFZl, which therefore 
remains cryptic, as are all other methanogen plasmids 
described so far. 

Hybridization experiments revealed that M. thermo­
formicicum strains Z-245 and FTF harbour the very 
similar, if not identical, 10-5 kb plasmids pFZI and 
pFZ2, respectively. Both plasmids are homologous to 
plasmid pFVl present in strain THF, which is clearly 
larger and has a different restriction fragment pattern. 
These results indicate that the plasmids of M. thermo-
formicicum share a common ancestor. The presence of 
highly similar plasmid DNA has been described for 
Methanosarcina acetivorans and two otheT marine aceto-
trophic strains, all three of which were isolated from the 
same location (Sowers & Gunsalus, 1988). In contrast, 
strains Z-245, FTF and THF were isolated from 
geographically very different locations (Touzel et al., 
1988; Zhilina et al., 1984; Zinder & Koch, 1984). 

Several attempts have been described to determine the 
relationship among M. thermoformicicum strains. Yama-
moto et al. (1989) suggested that the strains may be 
divided into two groups, based on the cross-reaction of 
antibodies raised against strain SF-4 with strain CB12 
and Z-245 but not with strain FTF. In contrast, DNA-
DNA homology studies (J. P. Touzel, personal commun­
ication), indicated that strain FTF is more related to 
strains Z-245 and THF than to strain CB12 (strain SF-4 
was not tested). Our observation that strains Z-245, FTF 
and THF harbour (partially) homologous plasmid DNA 
and the results based on the hybridization patterns with 
the fdhA gene support the classification of strains Z-245, 
FTF and THF into one group and strains CB12 and SF-4 
into another group. On the basis of their hybridization 
patterns with the fdhA gene the new isolates FF1 and 
FF3 appear to be related to the Z-245 group. Since they 
are plasmid-free, those strains could be good candidates 
as recipients for plasmid pFZl or derivatives in 
transformation studies. 

We wish to thank J. P. Touzel for providing strains that were used in 
an initial stage of the work described here. In addition, we are grateful 
toK. Yamamoto and G. D. Vogelsfor providing strains, J. G. Ferry for 
providing us with the fdh genes and R. Eggen for critical reading of the 
manuscript. 
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ABSTRACT 

Nucleotide sequence comparison of the related 
13513-bp plasmid pFV1 and the 11014-bp plasmid pFZ1 
from the thermophilic archaeon Methanobacterium 
thermoformicicum THF and Z-245, respectively, 
revealed a homologous, approximately 8.2 kb 
backbone structure that is interrupted by plasmid-
specific elements. Various highly conserved 
palindromic structures and an ORF that could code for 
a NTP-binding protein were identified within the 
backbone structure and may be involved in plasmid 
maintenance and replication. Each plasmid contains at 
comparable locations a module which specifies 
components of different restriction - modification (R/M) 
systems. The R/M module of pFV1 contained, in 
addition to the genes of the GGCC-recognizing R/M 
system AffhTI, an ORF which may be involved in repair 
of G-T mismatches generated by deamination of m5C 
at high temperatures. 

INTRODUCTION 

Complete nucleotide sequence analysis of genomes may provide 
insight into their organization and evolution. In contrast to their 
bacterial counterparts, only limited information exists on 
extrachromosomal elements from members of the domain 
Archaea, a group of prokaryotic organisms that differs 
fundamentally from Bacteria (1,2). Nucleotide sequences of only 
a few extrachromosomal elements isolated from these organisms 
have been analyzed, including the 15.5-kb genome of the 
Sulfolobus shibatae virus SSV1 (3), three small plasmids, pHSBl 
(1.7 kb), pHGNl (1.8 kb) and pGRBl (1.8 kb), isolated from 
extreme halophilic bacteria (4, 5, 6), and the 4.4-kb pME2001 
from the methanogen Methanobacterium thermoautotrophicum 
strain Marburg (7). 

Recently, a family of three related plasmids was identified in 
the thermophilic archaeon Methanobacterium thermoformicicum 
(8) comprising the nearly identical 11-kb pFZl and pFZ2, 
harbored by strains Z-245 and FTF, respectively, and the closely 
related 13.5 kb pFVl of strain THF. In addition to the high 

interplasmid similarity, certain plasmids regions were identified 
with homology to chromosomal DNA from different thermophilic 
Methanobacterium strains that lack plasmid DNA (9). The 
plasmids may confer a selective advantage to their hosts since 
it has been shown that restriction and modification (R/M) systems 
were encoded by pFVl (10) and pFZl and pFZ2 (11). 

This report describes the complete nucleotide sequences of 
pFVl and pFZl and their comparison. Several highly conserved 
regions were identified that may be involved in replication and 
maintenance of either plasmid. In addition, a putative DNA-repair 
enzyme encoded by pFVl was identified. 

MATERIAL AND METHODS 
Bacterial strains, plasmids and growth conditions 
M. thermoformicicum strains THF and Z-245 were cultivated as 
described previously on H2/C02 as sole carbon and energy 
source (8). Escherichia coli strains DH5a (Life Technologies 
Inc., Gaithersburg, Md.) and TGI (12) were used for propagation 
of plasmids pUC18 or pUC19 and phages M13mpl8 or 
M13mpl9 (13), respectively, and strain Q359 (14) served as host 
for propagation of bacteriophage X GEM-12 (Promega Biotec, 
Madison, Wis.). All E.coli strains were grown at 37°C in Luria 
broth-based media (15). If appropriate, ampicillin (50 /ig/ml), 
isopropyl-/3-D-thiogalactopyranoside (1 mM), or 
5-bromo-4-chloro-3-indolyl-/3-D-galactoside (0.004%) was 
added. 

Chemicals and enzymes 
[a-32P]dATP (110 TBq/mmol) was obtained from Amersham 
International (Amersham, United Kingdom). All enzymes used 
for manipulation of nucleic acids were purchased from Life 
Technologies, Inc. or Pharmacia LKB Biotechnologies (Uppsala, 
Sweden). Oligonucleotides were synthesized with a Biosearch 
Cyclone DNA synthesizer (New Brunswick Scientific Corp.) at 
the Netherlands Institute for Dairy Research (NIZO) or were 
purchased from Pharmacia (Uppsala, Sweden). Other chemicals 
were obtained in PA quality from Sigma Chemical Co. (St. Louis, 
Mo.), from Boehringer GmbH (Mannheim, FRG) or from Merck 
(Darmstadt, FRG). 

! To whom correspondence should be addressed 
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DNA isolation and PCR amplification 
Total DNA from methanogenic bacteria was isolated as described 
previously (8). A pFVl fragment that spans the single Xhol site 
(position 0/13513) was amplified by PCR as described earlier 
(16) using total DNA from M.thermoformicicum strain THF and 
two oligonucleotides, 5'-CTGTAGTTCAGGATC-3' and 
5'-GAGATACTGTTCAACTG-3', complementary to positions 
377 to 363 and 12921 to 12937 of plasmid pFVl, respectively. 
The amplification product was treated with Klenow DNA 
polymerase for 30 min at room temperature in the presence of 
all four dNTPs (2 mM each), followed by an incubation for 20 
min at 55 °C in the presence of proteinase K (0.1 mg/ml) and 
sodium dodecyl sulfate (0.5%) essentially as described by Crowe 
and coworkers (17). Subsequendy, the suspension was extracted 
with phenol/chloroform, the DNA was precipitated with ethanol, 
and dissolved in TE buffer (10 mM Tris/HCl pH 8.0, 1 mM 
EDTA). After digestion of the amplified DNA with Hindll and 
Pstl, the 0.4-kb fragment that contained the Xfeol-site was 
recovered from agarose gels using the Geneclean kit (Bio 101, 
La Jolla, Calif.) and cloned into M13mpl9. 

DNA manipulations and sequence analysis 
DNA manipulations were performed essentially as described by 
Sambrook and coworkers (15). For the determination of the 
nucleotide sequence, fragments of cloned pFZl (8) and pFVl 
DNA (see below) were isolated from agarose gels and subcloned 
into M13mpl8/19 vectors. Sequence reactions with vector- or 
insert specific primers were carried out by the dideoxy chain 
termination method (18) using either reagents from the Sequenase 
kit (United States Biochemical Corp., Cleveland, Ohio) according 
to the recommendations of the manufacturer or reagents for Taq-
polymerase sequencing (19). The nucleotide sequence of plasmid 
pFVl was determined on both strands apart from two small 
regions (positions 876-1182 and 2392-2786) that could not be 
sequenced in both directions due to a premature termination under 
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Figure 1. Comparison of the genetic organization of ATioI-linearized pFVl and 
pFZl from M.thermoformicicum THF and Z-245, respectively. The degree of 
interplasmid homology is indicated by shading of the maps: the darkly shaded 
regions show high sequence similarity whereas the white regions A through F 
represent plasmid-specific sequences. Each ORF listed in Table 1 is shown by 
a line with an arrowhead indicating its direction. The positions of regions that 
contain direct (DR) or inverted (IR) repeats are indicated. Dotted lines show 
positions of fragment insertions. FR-I and FR-II represent regions with homology 
to chromosomal DNA from several thermophilic strains of the genus 
Methanobacterium. 

all conditions. For plasmid pFZl the nucleotide sequence of 
overlapping fragments was determined on one strand and for 40% 
on both strands. Computer analysis of sequence data was done 
with the University of Wisconsin Genetics Computer Group 
package version 6.0 (20) and the CAOS/CAMM facilities at 
Nijmegen, The Netherlands. 

RESULTS AND DISCUSSION 
Cloning of plasmid pFVl 
In a previous report we have shown that M.thermoformicicum 
strain THF harbors the low copy number plasmid pFVl (8). To 
be able to analyze this plasmid in detail, covalently closed circular 
plasmid pFVl DNA (8) was linearized with Xhol and ligated 
to Xftol-digested X GEM-12. The ligation mix was packaged in 
vitro (15) and used to infect E.coli Q359. A 2.3-kb ApnI-fragment 
of plasmid pFZl that strongly hybridized to plasmid pFVl (8), 
was labelled by nick-translation and used as probe to screen the 
recombinant phages. A strongly hybridizing recombinant phage, 
designated X GFV1, was identified and, after plaque purification, 
phage DNA was prepared (15). The integrity of the pFVl insert 
of X GFV1 was verified by restriction analysis and hybridization 
experiments (data not shown). Purified X GFV1 DNA was used 
as source of pFVl DNA in subsequent experiments. 

Nucleotide sequence of plasmid pFVl and pFZl and their 
comparison 
The complete nucleotide sequences of the plasmids pFVl (EMBL 
accession number X68366) and pFZl (EMBL accession number 
X68367) from M.thermoformicicum strains THF and Z-245, 
respectively, were determined. The single XTioI-site of each 
plasmids was taken as position 1. Since plasmid pFVl was 
originally cloned as a Xhol fragment (see above), the uniqueness 
of this restriction site was confirmed by sequence analysis of a 
PCR amplified DNA fragment of pFVl that overlaps the Xhol-
site. Plasmid pFVl had a size of 13513 bp and a calculated GC 
content of 41.8% which is significantly lower than that of its host 
strain THF (49.6%) (21). 

The pFZl genome was 11014 bp in length. Alignment of the 
nucleotide sequences of plasmid pFZl and pFVl, schematically 
shown in Figure 1, revealed a high degree of similarity, 
confirming previous hybridization experiments (8), and a 
comparable sequence organization. 

Several regions of considerable similarity were identified which 
are interrupted by plasmid-specific sequences. The homologous 
sequence blocks, the majority of which shares more than 91 % 
identical nucleotides, add up to approximately 8.2 kb and 
constitute the backbone structure of both plasmids (Figure 1). 
As a consequence, these regions have comparable coding 
capacities and may specify proteins with more than 84% identical 
amino acids (Table 1). 

Two plasmid regions, designated FR-I and FR-II (Figure 1), 
were found to have homologous counterparts in the chromosomal 
DNA of several thermophilic M. thermoformicicum strains that 
lack plasmid DNA (9). FR-I resembles an insertion sequence (9) 
and is specific for plasmid pFVl (see below), whereas FR-II is 
part of both plasmids. FR-II of pFVl, however, contains a direct 
repeat of two identical 524-bp sequences (DR-I, position 6374 
to 7421; Figure 1) that is not found in the corresponding region 
of plasmid pFZl. 

The most conspicuous difference between the plasmids pFVl 
and pFZl is the presence of three unique sequences that could 
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be identified in each plasmid (element A - F in Figure 1). The 
location of two of those elements, A and D, in regions with high 
interplasmid similarity allowed to determine their exact size. The 
AT-rich element A (GC content 29.7%), which corresponds to 
FR-I (Figure 1), is located on plasmid pFVl (position 2852 to 
4352) and comprises 1501 bp. Element D is a 569-bp insertion 
of plasmid pFZl (position 917 to 1485; Figure 1) and contains 
open reading frame (ORF) 11 (Figure 1). Four other unique 
sequences, B and C of plasmid pFVl and E and F of plasmid 
pFZl, are located at similar positions relative to the plasmid 
backbone and flank a region of approximately 0.5 kb that exhibits 
only relatively low interplasmid similarity (69%; Figure 1). The 
two large plasmid-specific elements C and E of pFVl and pFZl, 
respectively, code for components of recently characterized R/M 
systems: the GGCC-recognizing MthTl system of plasmid pFVl 
comprising the methyltransferase (MTase) gene mthTIM and the 
endonuclease (ENase) gene mthTIR (10), and the CTAG-
recognizing system MthZl of plasmid pFZl encoded by the 
MTase gene mthZIM and ORF X which may code for the 
corresponding ENase (11) (Figure 1). Moreover, two additional 
ORFs, ORF9 and 10, are located on the unique pFVl-fragment 
C in close proximity to the genes of the MthTl system, one of 
which, ORF10, may encode a protein with considerable similarity 
to enzymes involved in DNA mismatch repair (see below). 

Repeated sequences of plasmid pFVl and pFZl 
The close relationship of pFVl and pFZl (Figure 1) implies a 
similar replication mechanism for both replicons that should be 
specified by the conserved backbone structures. Since repeated 
sequences are known to be involved in the replication of bacterial 
plasmids (for reviews: 22, 23), we searched in the nucleotide 
sequence of pFVl and pFZl for regions that contain direct (DR) 
or inverted repeats (IR). 

Apart from DR-I of plasmid pFV 1 described above, a region 
with several DRs was identified in the backbone structure of both 
plasmids (Figures 1). This 490-bp segment of plasmid pFVl (DR-
II; position 12681 to 13170) contains three perfect 51-bp and two 
nearly perfect 33-bp repeats. Comparison with the corresponding 
region of plasmid pFZl (DR-II', position 10265 to 10671) 
showed, however, only limited similarity, and only the two 33-bp 
repeats were found to be almost completely conserved. 

Inspection of the pFVl and pFZl nucleotide sequences revealed 
two IRs, IR-I and IR-II, that are contained within highly 

conserved, non-coding regions of both plasmids (Figure 1). Both 
IR-I and IR-II exhibit a high GC-content of 52% GC and 62% 
GC, respectively, and have the capacity to form secondary 
structures. In IR-I (position 1102 to 1419 in pFVl; Figures 1 
and 2), four potential hairpin structures (TR1-IR4, Figure 2) could 
be identified. Remarkably, the hairpin loops formed by IR1 and 
IR4 contain a partially overlapping pentamer with the sequence 
5'-TCGCT which is repeated four times in the loop of IR1 and 
five times in the loop of IR4 (Figure 2). 

The second region with palindromic sequences, IR-II, is located 
approximately 1 kb downstream of IR-I (ranging from position 
2392 to 2593 in plasmid pFVl) and contains two palindromic 
sequences, IR5 and IR6 (Figure 2). Analogous to IR-I, two 
partially overlapping repeats of the pentamer TCGCT are present 
in both the hairpin loop and the stem/interior loop of IR6, whereas 
perfect repeats of this pentamer are also found in the region 
between IR5 and IR6 (Figures 1 and 2). 

Both IR-I and IR-II represent one of the most conserved 
plasmid regions in pFVl and pFZl that differ at only 11 positions 
out of 520 nucleotides (Figure 2). This high conservation of the 
IR-regions may indicate an essential function in plasmid 
maintenance or replication functions. Interestingly, in plasmids 
that replicate by a rolling circle mechanism via a single-stranded 
intermediate, (imperfect) palindromic structures are part of the 
so-called plus and minus origin, the former of which is used for 
initiation of replication by a plasmid-encoded Rep protein (22). 
Moreover, the hairpin loops of the minus origins were found to 
share the consensus sequence 5'-TAGCGT (24). This sequence 
resembles the complementary sequence of the repeated pentamer 
5'-TCGCT which has been observed in hairpin loops of IR-I and 
IR-II of both plasmids pFVl and pFZl. However, we neither 
could detect single-stranded pFVl- or pFZl DNA in 
hybridization experiments (data not shown) nor found similarity 
of any of the plasmid-backbone encoded proteins with conserved 
sequence motifs of rolling circle replication initiator proteins (25). 
Therefore, the involvement of the IR-regions in replication 
remains to be confirmed. 

Coding capacity and putative genes of plasmid pFVl and 
pFZl 
Analysis of the nucleotide sequences of plasmid pFVl and pFZl 
for coding regions revealed 13 and 12 ORFs, respectively, that 
could code for polypeptides composed of more than 100 amino 

Table 1. Comparison of (putative) genes located on plasmids pFVl and pFZl 

Gene 

ORF1 
ORF2 
ORF3 
ORF4 
ORF5a 
ORF5b 
ORF6 
ORF7 
ORF8 
ORF9 
ORF10 
mthTIR 
mlhTIM 

plasmid pFVl 

Amino 
acids 

364 
284 
197 
237 
227 
451 
122 
145 
361 
146 
221 
281 
330 

Start 
codon 

ATG 
ATG 
ATG 
ATG 
ATG 
GTG 
ATG 
ATG 
ATG 
ATG 
TTG 
ATG 
ATG 

DNA 
sequence 

13304-882 
1511-2362 
4438-5028 
5152-5862 
6229-6909 
6912-8264 
8354-8719 
9186-9620 
822-13253 
10733-10296 
10300-9638 
10827-11669 
11669-12658 

Gene 

ORF1' 
ORF2' 
ORF3' 
ORF4' 
ORF5' 
ORF5' 
ORF6' 
ORF7' 
ORF8' 
ORF 11 
ORF 12 
ORFX 
mlhTIM 

plasmid pFZl 

Amino 
acids 

364 
284 
217 
234 
499 
499 
122 
80 
361 
148 
117 
202 
355 

Start 
codon 

ATG 
ATG 
ATG 
ATG 
ATG 
ATG 
ATG 
ATG 
ATG 
ATG 
GTG 
GTG 
ATG 

DNA 
sequence 

10805-882 
2101-2952 
3455-4105 
4225-4926 
5295-6791 
5295-6791 
6894-7259 
9647-9886 
822-10754 
1093-1536 
9889-10239 
7539-8144 
9203-8139 

- % 
Identity 

99 
85 
98 
91 
72 
84 
98 
71 
88 

-
-
-
-
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Figure 2 . Potential secondary structures of regions IR-I and IR-II and their locations in p F V l . The free energy (AG°) values of the potential hairpin loops IR1 
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acids (Figure 1; Table 1). Except for ORF8 of pFVl and the 
homologous ORF8' of pFZl, all ORFs located in the backbone 
structure have the same orientation. Each plasmid specifies 
components of different R/M systems (10, 11) which are encoded 
by genes located on the plasmid specific elements C (pFVl) and 
E (pFZl) (Figure 1). The deduced amino acid sequences of the 
other ORFs of pFVl and pFZl, listed in Table 1, were analyzed 
for similarity with sequences present in the SwissProt data base 
(release 22.0). 

The homology search showed that ORF1 of plasmid pFVl and 
its counterpart ORF1' of plasmid pFZl contain a stretch of amino 
acids with similarity to the purine nucleotide binding site of ATP-
or GTP-utilizing proteins (Table 2). This NTP-binding site is 
formed by a characteristic amino acid motif (NTP-motif) 
composed of two elements A and B (26, 27) and—analogous to 
several NTP-binding enzymes involved in DNA-metabolism 
(27-30)—is located within the N-terminal part of the ORF1 and 
ORF1' proteins (Table 2). Together with the high conservation 

Table 2. Alignment of the NTP-motif containing domain of ORF1 with NTP-
binding proteins involved in DNA metabolism. Identical or similar residues are 
boxed. 

R.cD 
UvrD 
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PP 
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IDKTL t h i s s tudy 

of the deduced ORF1 and ORF1' proteins (>99% identical 
residues; Table 1), the presence and location of this NTP-binding 
motif strongly suggests that both proteins are involved in the 
replication of pFVl and pFZl. Transcription and translation of 
ORF1 and ORF1' may be initiated at sequence motifs that were 
found preceding the coding regions. A sequence stretch with 
similarity to a typical archaeal promoter signal (31, 32) was 
identified ranging from position 13228 to 13258 in pFVl and 
from position 10729 to 10759 in pFZl. The first translation 
initiation codon (ATG) is preceded by a sequence with similarity 
to a consensus methanogenic ribosome binding site (33), ranging 
from position 13294 to 13300 in pFVl and from position 10795 
to 10801 in pFZl. However, no sequences resembling the 
consensus archaeal terminator signal (33) have been recognized 
downstream of ORF1 and ORF1'. 

Within the pFVl-specific DNA element C which contains the 
genes for the MthTl R/M system, two other ORFs, designated 
ORF9 and ORF10, were identified that could code for proteins 
of 146 and 221 amino acids, respectively (Figure 1; Table 1). 
A database search revealed that the protein deduced from ORF10 
shares significant sequence similarity with two E.coli proteins, 
MutY and endonuclease in (52.4% and 50.0% similarity and 
28.8% and 28.4% identity), respectively, which are known to 
be involved in DNA mismatch repair. MutY and endonuclease 
IE, composed of 350 (34) and 211 amino acids (35), respectively, 
both possess N-glycosylase activity as well as apurinic/ 
apyrimidinic (AP) endonuclease activity (36-39). They differ, 
however, in their substrate specificity. While MutY is involved 
in the correction of A/G (35), A/C (37) and A/8-oxoG 
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Figure 3. Amino acid sequence alignment of the putative ORF10 protein of pFVl with endonuclease III and MutY of E.coli. Identical amino acids are boxed. Dots 
represent gaps that have been introduced to optimize the alignment. Positions marked with asterisks represent the four highly conserved cysteine residues. Numbers 
at the right refer to amino acid residues. 
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Figure 4. Schematic representation of the conserved 8.2 kb backbone structure 
obtained from nucleotide sequence alignment of pFVl and pFZl. Insertions 
indicated outside the circle represent pFVl-specific sequences, those inside are 
specific for pFZl (the bar represents a size of 1 kb). 

mismatches (8-oxoG = 8-hydroxyguanine) (40), endonuclease 
in is active on mismatches generated by certain derivatives of 
thymidine and cytosine (38, 39). Alignment of the deduced amino 
acid sequences of the ORF10 protein, endonuclease III and MutY 
(Figure 3) revealed (i) a highly conserved motif LPGVG(R/K)XT 
(position 120 to 127 of the ORF10 protein; X=variable amino 
acid), and (ii) a stretch of four cysteine residues spaced by an 
identical number of amino acids (CX6CX2CX5C), which is 
located at corresponding positions in the three polypeptides. Since 
endonuclease III was shown to be an iron-sulfur protein (41), 
those cysteine residues are believed to be involved in the 
[4Fe-4S]2+ cluster binding (41). It therefore seems to be likely 
that MutY, as already suggested by Michaels and coworkers (34), 
and the putative ORF10 protein specified by plasmid pFVl are 
iron-sulfur proteins with [4Fe-4S]2+ clusters. The observed 
sequence similarities suggest that the ORF10 protein acts, like 
MutY and endonuclease III, as a DNA repair enzyme that 
recognizes incorrect base pairing. 

The presence of such a repair system in the thermophilic 
M.thermoformicicum strain THF is plausible since the 
pFVl-encoded GGCC-recognizing methyltransferase M.MthTl 
generates 5-methylcytosine (m5C) (10) which is, especially 
under thermophilic conditions, subject to deamination (m5C T) 
resulting in a G-T mismatch (42). To avoid the probably lethal 
effect of multiple transitions, strain THF should contain a 
mechanism that either prevents deamination of m5C or is 
capable to correct the G-T mismatches. The pFVl-encoded 
ORF10 protein is a good candidate to act as a G-T mismatch 
repair enzyme in M.thermoformicicum THF. Moreover, the close 
proximity of ORF10 and the MthTl system would support a 
functional relation of the endonuclease, the methyltransferase and 

the putative DNA mismatch repair enzyme. Such a clustering 
may also facilitate the simultaneous transfer of these genes 
between cells and ensures the coordinate activity of the encoded 
enzymes in the recipient which probably is necessary for its 
survival. Interestingly, a similar genetic linkage has been found 
for the functionally related methyltransferase and DNA mismatch 
repair enzyme in the dcm-vsr system of E.coli (42). 

It seems paradoxical that M. thermoformicicum THF maintains 
a non-chromosomally encoded R/M system with a m5C-
producing MTase activity and, as a consequence, a DNA 
mismatch repair enzyme. A possible explanation is that, under 
thermophilic conditions, a combination of the enzymes specified 
by the GGCC-recognizing MthTl R/M system and ORF10 may 
serve as a protection mechanism against infection by phages that 
exhibit the same methylation pattern as produced by the MTase 
M.AftATI, i.e. GGmeCC. Such phages may have escaped the 
restriction barrier of strain THF or have acquired a protecting 
MTase gene. Since their methylated DNA is resistant against 
digestion by the host-encoded ENase, such phages normally 
would be able to infect the entire population. However, as a result 
of elevated deamination of m5C at high temperatures without 
mispair correction, the genome of those phage particles 
accumulate, in contrast to the host genome, partially and fully 
deaminated GGmeCC-sites the latter of which would result in 
two juxtaposed G-T mismatches per site. One may envisage 
several scenarios once this phage DNA has entered the host cell. 
Firstly, the ORF10 protein could be unable to initiate mispair 
correction at juxtaposed G-T mismatches which may decrease 
the infectivity of the damaged phage DNA. The second scenario 
is based on the observation that the murHLS-dependent mismatch 
repair systems of certain E. coli mutants produce double-strand 
breaks due to initiation of mismatch correction along with an 
endonucleolytic attack on either DNA strand (44, 45). Double-
strand breaks in the deaminated phage DNA may be generated 
during initiation of mismatch correction by the putative ORF10 
protein which-analogous to MutY and endonuclease III-may 
act as N-glycosylase and AP-endonuclease on the opposite strands 
of the juxtaposed G-T mismatch base pairs. This would generate 
a double-stranded break 3' from the GG-dinucleotide of the 
GGCC site resulting in a similar effect as restriction of the 
unmethylated phage DNA by the ENase of the R/M system 
MthTl. 

CONCLUSION 

Sequence analysis of the plasmids pFVl and pFZl from the 
archaeon M.thermoformicicum strain THF and Z-245, 
respectively, has confirmed their close relationship. Both plasmids 
display a modular genome organization and consist of a highly 
conserved, approximately 8.2 kb backbone which is interspersed 
with plasmid-specific, accessory elements of variable size and 
function (Figure 4). 

The high sequence similarity and comparable genetic maps of 
the plasmids pFVl and pFZl indicate either the presence of a 
common ancestor or that one of the plasmids originated from 
the other. In either case, accessory elements have been acquired 
or lost. 

The conserved backbone structure is expected to specify 
function necessary for plasmid replication and maintenance. 
These essential plasmid functions may include two regions, IR-I 
and IR-II (Figures 2 and 4), with the capacity to form highly 
conserved secondary structures, and, in close proximity to those 
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IR-regions, ORF1 that could encode a protein with NTP-binding 
activity (Figure I, Table 2). 

While the nature of the smaller elements specific for pFV 1 
and pFZl remains unknown, element A of plasmid pFVl, which 
corresponds to FR-I, has various features of an insertion sequence 
(9). In addition, each plasmid contains, analogous to the functional 
modules observed for lambdoid phages (46), at comparable 
locations an element which specifies components of a R/M system 
recognizing either the sequence GGCC (pFVl) (10) or CTAG 
(pFZl) (11). Within the R/M module of plasmid pFVl, two 
additional ORFs were identified, one of which, ORF10, may code 
for a DNA-repair enzyme that is functionally related to the 
GGCC-recognizing R/M genes. 
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CHAPTER 6 

Distribution and characterization of plasmid-related sequences in the chromosomal DNA 
of different thermophilic Methanobacterium strains 

Jdrk Nolling, Freek J. M. van Eeden and Willem M. de Vos 

SUMMARY 

The genomes of several thermophilic members of the genus Methanobacterium were analyzed 
for homology to the related restriction-modification plasmids pFVl and pFZl from 
M.thermoformicicum strains THF and Z-245, respectively. Two plasmid-located regions, 
designated FR-I and FR-II, could be identified with chromosomal counterparts in six 
Methanobacterium strains. Multiple copies of the pFVl-specific element FR-I were detected 
in the M.thermoformicicum strains CSM3, FF1, FF3 and M.thermoautotrophicum AH. 
Sequence analysis showed that one FR-I element had been integrated in an almost identical 
sequence context in the chromosomes of the strains CSM3 and AH. Comparison of the FR-I 
elements from these strains with the one from pFVl revealed that they consisted of two 
subfragments, boxl (1118 bp) and boxll (383 bp), with a variable sequential order. Each 
subfragment was identical on the sequence level with the corresponding one of either FR-I 
element and was flanked by terminal direct repeats with the consensus sequence 
A(A/T)ATTT. These results suggest that FR-I represents a mobile element. FR-II was 
located on both plasmids pFVl and pFZl, and on the chromosome of M.thermoformicicum 
strains THF, CSM3 and HN4. Comparison of the nucleotide sequences of the two plasmid-
located FR-II copies and the one from the chromosome of strain CSM3 showed that the FR-II 
segments were approximately 2.5-3.0 kb in size and contained large ORFs that may encode 
highly related proteins with a yet unknown function. 

INTRODUCTION 

Genomic rearrangements and mobilization of genetic material are evolutionary processes of 
prokaryotic and eukaryotic cells that for a part are induced by transposable elements, i.e. 
insertion sequences (IS) and transposons, due to their ability to move within or between 
genomes. These mobile elements are also known to be involved in controlling gene 
expression by providing signals that may enhance or suppress transcription of genes. Being 
studied in depth within the Bacteria (for reviews see: Berg and Howe 1989; Graig and 
Kleckner 1987), mobile elements have also been described in Archaea, a group of 
phylogenetically related prokaryotes with distinct biochemical and genetic properties (Woese 
et al. 1990; Zillig 1991) 

A variety of diverse IS elements have been characterized in halophilic Archaea, one of the 
three major archaeal groups, and found to be located on plasmids (DasSarma et al. 1983; 
Pfeifer et al. 1983; Ebert et al. 1984), phages (Schnabel et al. 1984) or chromosomal DNA 
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(Pfeifer 1986; Hofman et al. 1986). Movement of those transposable elements resulted in a 
high frequency of DNA-rearrangements causing genome instability in certain halobacteria 
(Pfeifer et al. 1981; Sapienza et al. 1982). In contrast, among the other two archaeal groups, 
the sulfur-dependent and the methanogenic organisms, only one IS element, ISM1, was 
identified in the chromosome of the mesophilic Methanobrevibacter smithii (Hamilton and 
Reeve 1985). 

In a previous report we described the isolation of plasmids from several strains of the 
thermophilic archaeon Methanobacterium thermoformicicum (Nolling et al. 1991). The well-
characterized low copy number plasmid pFZl of strain Z-245 was found to be highly 
homologous, if not identical to plasmid pFZ2 of strain FTF and partially homologous to 
plasmid pFVl from strain THF indicating a close relationship and a common origin of these 
plasmids. Sequence comparison of pFVl and pFZl revealed a modular genome organization 
consisting of a highly conserved backbone structure that is interspersed with plasmid-specific 
elements (Nolling et al. 1992). Two of these elements specify components of restriction-
modification (R/M) systems, the GGCC-recognizing MtKTl system of pFVl (Nolling and de 
Vos 1992a) and the CTAG-speeific MthZl system carried by pFZl (Nolling and de Vos 
1992b). 

A pFVl-specific element and a region within the conserved backbone structure of both 
plasmids were found to have homologous counterparts located on the chromosome of several 
thermophilic, plasmid-free strains of the genus Methanobacterium. The analysis of those two 
homologous regions, described in the present report, showed that at least one shares some 
structural similarities with IS elements identified in Bacteria and other Archaea. 

METHODS 

Bacterial strains and growth conditions 

Strains of the genus Methanobacterium and Escherichia coli, bacteriophages and plasmids 
used in this study are listed in Table 1. All methanogenic strains were grown as described 
earlier (Nolling et al. 1991). E.coli cultures were cultivated at 37°C in L-broth, if appropriate 
in the presence of ampicillin (50 pig/ml), and handled as described by Sambrook et al. 
(1989). 

DNA techniques and plasmid constructions 

DNA from methanogenic bacteria was isolated with the glass-bead method as described by 
Nolling et al. (1991). Digestion of chromosomal and plasmid DNA with restriction 
endonucleases, cloning of DNA fragments, ligation of DNA, transformation of plasmid DNA 
into E.coli, handling of M13 phages and isolation of double and single stranded DNA from 
M13 phages was carried out essentially as described by Sambrook et al. (1989). DNA of 
both vector and insert DNA was isolated from agarose gels and purified by the Geneclean 
procedure (Bio 101, La Jolla, Calif.). 

All restriction endonucleases and other DNA-modifying enzymes were obtained from Life 
Technologies. Oligonucleotides were synthesized with a Biosearch Cyclone DNA synthesizer 
(New Brunswick Scientific Corp.) at the Netherlands Institute for Dairy Research (NIZO). 

All recombinant plasmids were constructed in E.coli as described in Table 1. Plasmid 
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Table 1. Bacterial strains and plasmids used in this study 

Strain or plasmid Property or genotype Source or reference 

M. thermoformicicum 
THF 
Z-245 
FTF 
FF1.FF3, CSM3, HN4 
SF-4 
CB12 

M. thermoautotrophicum 
AH 
Marburg 

E.coli 
DH5« 
TGI 

Plasmids 
pUC18/pUC19 
pUVl 
pUV2 
pUV7 
pUAHl 
pUAH2 
pUCMl 
pUCM2 
pUCM3 
pUCM4 
pUCM5 

pUCM6 

Harbors plasmid pFVl (13.S kb) 
Harbors plasmid pFZl (11.0 kb) 
Harbors plasmid pFZ2 (11.0 kb) 
Plasmid-free 
Plasmid-free 
Plasmid-free 

Plasmid-free 
Harbors plasmid pME2001 (4.4 kb) 

F /<rcZAM15 recAl hsdRXl supEM A(lacZYA-argF) 
F[*raD36 proAB* lacP lacZAMIS] supE hsdAS A(lac-proAB) 

Ap' 
7.4 kb Sstl-Xhol fragment of pFVl in pUC19 SstJrSall, Apf 
6.1 kb Sst\-Xhol fragment of pFVl in pUC19 Sstl-Sall, Apf 
1.5 kb Accl(b\unl end)-A&/I fragment of pUVl in pUC19 KpnVblam endyPstl, Ap1 

4.0 kb EcoRl fragment from M.thermoautotrophicum AH in pUC19, Ar/ 
1.7 kb Scai-PstI fragment from strain AH in pl)C19 Smal-Pst\, Aff 
1.4 kb EcoKl fragment from M.thermoformicicum CSM3 in pUC19, Apf 
1.2 kb EcoRl fragment from strain CSM3 in pUC19, Apf 
1.6 kb Scal-Pstl fragment from strain CSM3 in pUC18 Smal-Pst\, Apf 
1.8 kb EcoRI fragment from strain CSM3 in pUC19, Apf 
1.0 kb fragment amplified from total DNA of strain CSM3 DNA by PCR 

and cloned into pUC19 Hindu, Ap' 
4.5 kb EcoRI fragment from strain CSM3 in pUC19, Ap1 

DSM3848*;(Zinder and Koch, 1984) 
DSM 3720; (Zhihna and Darionov, 1984) 
DSM 3012; (Touzel et al., 1988) 
(Nolling et al., 1991, 1993) 
(Yamamoto et al., 1989) 
DSM 3664; (Zhao et al., 1986) 

DSM 1053; (Zeikusand Wolfe, 1972) 
DSM 2133; (Fuchs et al., 1978) 

Life Technologies 
(Gibson, 1984) 

(Yanisch-Perronetal., 1985) 
(Nolling and de Vos, 1992) 
(Nolling and de Vos, 1992) 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

This study 

' DSM, German Collection of Microorganisms, Braunschweig, FRG. 

pUV7 was constructed by cloning a 2.3-kb Nsil-Kpnl fragment of pUVl into pUC19 digested 
with Pstl and Kpnl followed by deletion of a 0.8-kb Accl-Kpril fragment, filling up the ends 
with Klenow polymerase and religation. 

PCR amplification 

PCR conditions applied for amplification of a chromosomal fragment were essentially as 
described earlier (Nolling et al. 1993) using total DNA from M.thermoformicicum CSM3 and 
twooligomers, 5'-CATTTTCACATCTCC and5'-GTCCTACTGCTTTCAC, complementary 
to positions 600 to 586 and 1057 to 1072, respectively, of FR-Ic from strain CSM3. The 
amplified DNA was treated for 30 min at room temperature with Klenow DNA polymerase 
in the presence of all four dNTPs (2 mM each), followed by an incubation with proteinase 
K (0.1 mg/ml; Boehringer Mannheim, FRG) and sodium dodecyl sulfate (0.5%) for 20 min 
at 55°C essentially as reported by Crowe and coworkers (1991). Subsequently, the suspension 
was subjected to several phenol/chloroform extractions and the DNA was precipitated with 
ethanol and finally dissolved in TE buffer (Sambrook et al. 1989). 
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Southern hybridization 

DNA was transferred from agarose gels to GeneScreen Plus nylon membranes (NEN-
DuPont) by the capillary blot procedure (Sambrook et al. 1989). Hybridization and washing 
of the filters was carried out according to the membrane manufacturer's protocol. Labelled 
DNA probes were produced by nick-translation (Sambrook et al. 1989) with [a-32P]dATP 
(110 TBq/mmol; Amersham). A 1.1-kb EcoRI fragment of the pUV7 insert was used to 
probe for sequences homologous to FR-I (Fig. 1). The FR-H-specific probe consisted of 
equal amounts of the 2.1-kb Narl-Sstl fragment of pUVl and the 1.2-kb Sstl-EcoRI fragment 
ofpUV2(Fig. 1). 

eg/II 

EcoRI 

Sst\ Sph\ 

Figure 1. Physical map of plasmid pFVl from M.thermoformicicum THF. Coordinates were taken 
from Nolling et al. (1993). The regions with homology to the chromosome of other 
Methanobacterium strains, FR-I and FR-II, are indicated by open boxes. The fragments of pFVl used 
as FR-I- and FR-II-specific probes are marked by a black bar. Only restriction sites relevant for this 
study are shown. 

Sequence analysis 

DNA sequencing was performed by the dideoxy chain termination method (Sanger et al. 
1977) with a Sequenase kit (United States Biochemical Corp., Cleveland, Ohio) according 
to the manufacturer's recommendations, using single stranded DNA prepared from 
M13mpl8/19-based clones (Yanisch-Perron et al. 1985) and vector- and insert-specific 
primers. Computer analysis of the sequence data was done with the PC/GENE version 5.01 
(Genofit, Geneva, Switzerland) while the GCG package version 6.0 (Devereux et al. 1984) 
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was used to screen the GenBank (release 72.0) and the SwissProt (release 23.0) databases 
present at the CAOS/CAMM facilities in Nijmegen, The Netherlands. 

RESULTS 

Sequence homology between plasmid pFVl and DNA from other methanogens 

Total DNA prepared from strains of M.thermoformicicum and M.thermoautotrophicwn were 
screened for the presence of sequences homologous to plasmid pFVl from 
M.thermoformicicum THF. In initial hybridization experiments the Sstl-Xlwl inserts of 
plasmids pUVl and pUV2 were used as probes (Fig. 1, Table 1). Positive hybridization 
signals were found under stringent conditions with total DNA isolated from 
M.thermoformicicum strains THF, Z-245, FTF, FF1, FF3, CSM3 and HN4 and with 

A 

.3 .0-

9 . 4 -

6 . 6 -

4.4 -

2 . 3 -
2 . 0 -

0 . 6 -

1 2 3 4 5 6 7 8 9 1011 12 13 1415 

€1 *"*w 

B 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

23.0-

9 . 4 -

6 . 6 -

2.3 -

Figure 2. Southern hybridization of total DNA from thermophilic Methanobacteriwn strains with 
radioactively labelled probes for FR-I (panel A) and FR-II (panel B). Total DNA (about 0.5 /tg each) 
of M.thermoformicicum strains Z-245 (lanes 1, 4), FTF (lanes 2, 5), THF (lanes 3, 6), HN4 (lane 
7), CSM3 (lanes 9, 10, 13), FF1 (lanes 11, 14) and FF3 (lanes 12, 15), and M.thermoautotrophicum 
AH (lane 8) was digested with Sphl (lanes 1-3), £coRI (lanes 4-9), BamHl-Pstl (lanes 10-12) and 
SaR-Sphl (lanes 13-15), and fractionated by gel electrophoresis on a 0.7% agarose gel. After transfer 
to a nylon membrane the blots were hybridized under stringent conditions with a 1.1-kb EcoKl-Accl 
fragment of pFVl (FR-I-specific probe; panel A) and a 3.3-kb Narl-EcoRl fragment of pFVl 
represented by a 2.1-kb Narl-Sstl fragment of pUVl and a 1.2-kb Sstl-EcoW fragment of pUV2 (FR-
II-specific probe; panel B). Numbers to the left refer to Hindlll fragments of X DNA (in kb) used as 
size marker. 
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M.thermoautotrophicum AH (Fig. 2), whereas no hybridization was observed with total DNA 
isolated from M.thermoformicicum strains CB12 and SF-4 and M.thermoautotrophicum 
Marburg (not shown). In order to define those homologous regions a series of hybridization 
experiments was carried out using subfragments of cloned pFVl DNA as probe. Two distinct 
regions of plasmid pFVl, designated FR-I (fragment I) and FR-II (fragment II) (see below), 
were identified that hybridized with DNA from thermophilic Methanobacterium strains (Fig. 
1; Table 2). The FR-I specific probe showed hybridization with DNA from M. thermo­

formicicum strains CSM3, FF1 and FF3 and M.thermoautotrophicum AH (Fig. 2A; Table 
2), while the probe specific for FR-II hybridized with DNA from M. thermoformicicum strains 
THF, Z-245, FTF, CSM3 and HN4 (Fig. 2B; Table 2). 

Table 2. Copy number per chromosome of FR-I and FR-II, respectively, in different 
strains of the genus Methanobacterium 

Strain 

M. thermoformicicum 
THF 
Z-245 
FTF 
CSM3 
FF1 
FF3 
HN4 
CB12 
SF-4 

M. thermoautotrophicum 
AH 
Marburg 

Copy number 

FR-I 

4-5 
0 
0 
3 
3 
3 
0 
0 
0 

l2 

0 

(pFVl)1 

FR-II 

5-6 (pFVl and chromosomal DNA)2 

4-5 (pFZl)1 

4-5 (pFZ2)' 
1 
0 
0 
1 
0 
0 

0 
0 

1 estimated on the basis of the plasmid copy number (Nolling et al., 1991). 
2 minimal estimation. 

Since three of the hybridizing methanogenic strains were known to contain plasmid DNA, 
i.e. strains THF, Z-245, and FTF (Nolling et al. 1991), the location of the homologous 
counterparts of pFVl was determined. Comparison of the nucleotide sequences of plasmid 
pFVl from strain THF and pFZl from strain Z-245 (Nolling et al. 1992) had shown that 
plasmid pFZl contained sequences with high similarity to FR-II but not to FR-I (see below). 
This was confirmed by hybridization with the FR-II probe that showed the expected hybridi­
zation pattern of pFZl fragments with DNA from strain Z-245 (Fig. 2B, lanes 1 and 4). 
Since pFZl is very similar, if not identical to pFZ2 from strain FTF (Nolling et al. 1991), 
the latter plasmid should also contain a FR-II-like sequence. Indeed, DNA from both strains 
Z-245 and FTF showed an identical hybridization pattern (Fig. 2B, lanes 1, 2 and 4, 5). 
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These results indicate that M.thermoformicicum strains Z-245 and FTF do not harbor 
chromosomal sequences related to plasmid pFVl. Similarly, no chromosomal copies of FR-I 
seemed to be present in strain THF since only pFVl -derived restriction fragments showed 
hybridization with the FR-I probe (Fig. 2A, lanes 3, 6). In contrast, hybridization of EcoRI-
digested total DNA from strain THF with the FR-II-specific probe revealed, besides the 
expected pFVl-derived fragment (major hybridization species in Fig. 2B, lane 6), additional 
hybridizing fragments indicating that strain THF harbors chromosomal sequences with 
similarity to FR-II. Since strains CSM3 and HN4 lack plasmid DNA (unpublished results), 
the fragments hybridizing to the FR-II probe are part of the chromosomal DNA of these 
strains. M.thermoautotrophicwri Marburg, the other known plasmid-containing 
Methanobacterium strain (Meile et al. 1983), appeared to lack sequences with similarity to 
plasmid pFVl (Table 2). 

Characterization of plasmid and chromosomal copies of FR-I 

The exact size and location of FR-I was determined by comparison of the nucleotide 
sequences of pFVl and pFZl. FR-I on pFVl, designated FR-Ia, has a size of 1501 bp 
(ranging from position 2852 to 4352 according to Nolling et al. 1992), contains terminal, 6 
bp direct repeats with the palindromic sequence AAATTT and is flanked by sequences of the 
conserved backbone structure of both plasmids (Fig. 3 and 4). No sequences with similarity 
to FR-Ia could be identified in pFZl. However, plasmid pFZl contains a 6-bp sequence 
(AGATTT) at a location (position 3445 to 3450 according to Nolling et al. 1992) that 
corresponds with that of FR-Ia in pFVl (Fig. 4). Since this hexamer resembles the terminal 
AAATTT repeats of FR-Ia, it may represent a target integration site of FR-I which is 
duplicated upon insertion. The AT-content of FR-Ia (70.3%) and its flanking regions (58%) 
was clearly dissimilar suggesting that the origin of FR-Ia differs from that of the rest of the 
plasmids. 

The chromosomal counterparts of FR-I were analyzed in M.thermoautotrophicum AH and 
M.thermoformicicum CSM3. Two overlapping fragments of M.thermoautotrophicum AH that 
hybridized to the FR-I probe, an approximately 4-kb EcoRI (Fig. 2A) and a 1.7-kb Scal-Pstl 
fragment (data not shown), were isolated from agarose gel and cloned into EcoRI- and Smal-
PWI-digested pUC19, respectively, to yield pUAHl and pUAH2 (Table 1; Fig. 3). Both 
pUAHl and pUAH2 share a common 1-kb Scal-EcoRI fragment. 

The nucleotide sequence of a 2766-bp Psil fragment included in pUAHl and pUAH2 was 
determined (EMBL accession no. X69112) (Fig. 5). Comparison of this sequence with that 
of FR-Ia from plasmid pFVl revealed that strain AH contains a copy of the FR-I sequence, 
termed FR-Ib, integrated into a region that shares no similarity with plasmid pFVl. The FR-I 
elements from strains THF and AH showed an identical size but different organization: a 
383-bp segment, designated boxll, appeared to be located at either side of a 1118-bp 
segment, designated boxl (Fig. 3 and 5). The distinct organization of the FR-Ia and FR-Ib 
elements was confirmed by hybridization experiments using the FR-I-specific probe. As the 
result of the boxl-boxll organization of FR-Ia (Fig. 3), only a single hybridizing EcoSl 
fragment, approximately 5.6 kb in size, was generated (Fig. 2A, lane 6). In contrast, since 
the FR-Ib element displays a reversed organisation of boxl and boxll (Fig. 3), two 
hybridizing fragments of approximately 4.0 and 1.3 kb were produced upon cleavage with 
£fcoRI (Fig. 2A, lane 8). The sequence of the junction sites of boxl and boxll, AAATTT in 
pFVl and ATATTT in strain AH, were similar to those found at the ends of FR-I from 
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Figure 3. Organization and similarity of different FR-I elements and flanking regions deduced from 
the nucleotide sequences of the indicated clones described in this study and by Nolling et al. (1993a). 
Hatched and cross-hatched rectangles in the FR-I elements represent the identical boxl and boxll 
sequences, respectively. Arrows inside boxl and boxll indicate their orientation. Sequenced regions 
are denoted by solid lines. FR-Ia represents the FR-I element in plasmid pFVl from 
M.thermoformicicum THF, whereas FR-Ib and FR-Ic represent the FR-I elements in the chromosome 
ofM.thermoformicicum CSM3 and M.thermoautotrophicum AH, respectively. The presumed extension 
of FR-Ic is shown by dotted lines. The positions of the FR-I-specific primers used for PCR-
amplification of DNA from strain CSM3 are indicated by small arrows. The shaded areas show 
homologous regions flanking FR-Ib in strains CSM3 and AH and those flanking FR-Ia of pFVl and 
the corresponding region in pFZl. The similarity values are indicated in percentages. The restriction 
fragment of pFVl used for hybridization as FR-I-specific probe is indicated by a solid bar. Letters 
denote relevant restriction sites used for the cloning and in hybridization experiments (A, Accl; E, 
EcoRI; H, Hindlll; P, Pstl; S, Seal). 

either strain, i.e. each boxl, boxll and the complete FR-I element are flanked by similar 
terminal direct repeats with the consensus sequence A(A/T)ATTT (Fig. 4). Most remarkably, 
the nucleotide sequences of boxl and boxll from strains THF and AH were identical. 

M.thermoformicicum CSM3 DNA digested with EcoRI and hybridized with the FR-I probe 
generated two hybridization signals of approximately 1.4 kb and 2.0 kb with different signal 
intensity (Fig. 2A, lane 9). To clone those fragments, BcoRI-digested DNA from strain 
CSM3 ranging in size from 1-3.5 kb was isolated from agarose gel, ligated to pUC19 and 
introduced in E.coli. Tfansformants containing DNA that hybridized with the FR-I probe 
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appeared to harbor one of three plasmids, termed pUCMl, pUCM2 and pUCM3 with inserts 
of 1.4, 1.3 and 1.8 kb, respectively, (Fig. 3; Table 1). The similar sized inserts cloned in 
pUCMl and pUCM2 may explain the differences in signal intensity obtained with the FR-I 
probe (Fig. 2A). A fourth clone, pUCM4, was constructed by cloning a 1.6-kb Scal-Pstl 
fragment from strain CSM3 which overlaps with the inserts of pUCM2 and pUCM3, into 
pUC18 digested with Smal-Pstl (Fig. 3). 

Nucleotide sequence analysis of the pUCM3- and pUCM4 inserts and of a 1.2-kb EcoSl-
Hindlll fragment of the pUCM2 insert yielded a continuous stretch of 3055 bp. Comparison 
of this sequence to that of FR-I from M.thermoformicicum THF and M.thermoautotrophicum 
AH revealed that M.thermoformicicum CSM3 also contains a complete FR-Ib-type element 
(EMBL accession no. X69113) analogous to the one found in strain AH (Fig. 3). Direct 
repeats with the sequence A(A/T)ATTT were flanking either end of boxl, boxll and the 
entire FR-I element (Fig. 4). Again, the CSM3-derived boxl and boxll were identical on the 
sequence level with those from strains THF and AH. 

pFZ1 G C A C C C C A T G 

pFV1 C C A C C C T A G G 

pFV1 G A A A T C C G T T 

AH T G A T G T T G A G 

AH A A C A A T A G T T 

CSM3 C G A T G T T G A G 

CSH3 A A C A A T A G T T 

A G A T T T 

A A A T T T 

A A A T T T 

A A A T T T 

A T A T T T 

A A A T T T 

A T A T T T 

T A A T A T G A A A 

C T C T T T A C A G 

T A A T A T G A A A 

G A A A T T A A A A 

G A A T T T G T G G 

G A A A T T A A A A 

G A A T T T G T G G 

l e f t end FR-Ia ( b o x l l ) 

r i g h t end FR-Ia ( box l ) 

l e f t end FR-Ib ( box l ) 

r i gh t end FR-Ib ( b o x l l ) 

l e f t end FR-Ib ( box l ) 

r i gh t end FR-Ib ( b o x l l ) 

pFVI A A C A A T A G T T 

AH G A A A T C C G T T 

CSM3 G A A A T C C G T T 

CSH3 A A C A A T A G T T 

CSM3 G A A A T C C G T T 

A T A T T T 

A A A T T T 

A A A T T T 

A T A T T T 

A A A T T T 

G A A A T T A A A A 

C T C T T T A C A G 

C T C T T T A C A G 

G A A A T T A A A A 

C T C T T T A C A G 

junction site boxlI/boxI in FR-Ia 

junction site boxI/box11 in FR-Ib 

junction site boxl/boxll in FR-Ib 

junction site boxll/boxl in FR-Ic 

junction site boxl/boxll in FR-Ic 

Figure 4. Conserved terminal hexanucleotides in the FR-I elements and boxl-boxll junction sites, 
respectively. The upper part shows an alignment of the terminal sequences of FR-I elements derived 
from plasmid pFVI M.thermoformicicum THF (FR-Ia) and the corresponding region of plasmid pFZl 
from M.thermoformicicum Z-245, and from the chromosome of M.thermoformicicum CSM3 (FR-Ib 
and FR-Ic) and M.thermoautotrophicum AH (FR-Ib). The boxl-boxll junction regions of either FR-I 
element is shown in the lower alignment. The consensus hexanucleotide A(A/T)ATTT is boxed. 

Similar to the situation observed in plasmid pFVI the flanking regions of FR-I in strain 
CSM3 and AH also differed in AT-content from that of FR-I, i.e. 45.9% versus 70.3%, 
respectively. This suggests that these elements have been acquired from another source and 
integrated into the chromosome. Alignment of an approximately 0.5 kb sequence stretch 
flanking FR-I from the strains CSM3 and AH revealed extensive similarity (>90% identity) 
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Pstl 
1 CTGCAGGGTGTGACTTCCTGGTATCCGATGACATCCACCCCGCCGACCTGCTGGAGGGGCACATGGACAGGATACTCAGGAGGGCGGTCGATTACGGTAT 

1 0 1 TGACCCTGTAAGCGCTGTGCAGATGGTCACCATAAACCCTGCGGAGCACTACGGCCTCAGCACAGGGGCAATAGCGCCTGGATGGGATGCTGACTTCGTG 

2 0 1 GTGGTTGACAGCCTCAGGGACTTCAACGTTAAGAGGGTCTACATAGATGGTAGACCTGTGGCGGATAGGGGCAGATACCTCATCAGGAGATCCGGGGGAA 

3 0 1 CCAGGGCACCCCCCAGGAAACTTGAAGTGCCTGATTTTCCAGTTGAGAGATTGAATATCAGGGCTGAGGGTGATGAAGCCACTGTGAGGGTCATAGATGT 

4 0 1 ACTGGACGGCCAGCTCATAACTGAAGAGCTAATTGCAACCCTGGAAGTTGAGGACGGCACCGTGCAGGCTGACACGTCCTCAGATATCCTCAGGGTATCT 

5 0 1 GTCCTTGACAGGTACGGGAGGGGTAATATCTCCAGCGGCTTCGTTCATGGATTCGGCCTCCAGGAGGGGGCAATAGCATCAACAGTTGCCCATGACTCAC 

BauHl 

6 0 1 ACAACCTGATCGTGGTGGGAGTGGATCCTGAGCTGATGAAGAGGGCGGTTGATATACTTAAAAAAGCAGGAGGGGGTCTTGTGGCGGTCTCAGGGGATGA 

7 0 1 TCACAGGGTCCTTCAGCTTCCTGTGGCAGGTCTGATGTCAGATGGGGATGTATITGAGGTTGCAGATGGATTTGAGAACCTCAACACTTCACTGAACAGC 

8 0 1 TCGGGTCACGTCTCAGCGCACCCTTCATGACCATGTCCTTCCTCTCGCTCCTCGTCATCCCCCGGCTGAAGATAGGGGATAGGGGTCTCTTTGATGTTGA 

F R - I ( B o x I ) » * * * * _ 1 _ — -

9 0 1 G^ATTTtiAMTTAAAAACTTMTGGAGATGTGAAMTGGGAGTTAAAGAAGATATTCGTGGACAMTTATAGGAGCATTAGCAGGAGCCGATTTCCCAA 

S e a l 

1 0 0 1 TAAATTCACCAGAAGAACTAATGGCAGCGCTTCCAAACGGTCCAGATACTACTTGTAAATCTGGAGATGTAGAATTAAAAGCATCTGATGCTGGACAAGT 

1 

1 1 0 1 ACTTACTGCTCATGATTTTCCATTTAAAAGTGCTGAAGAAGTTGCAGATACTATAGTGAACAAAGCAGGATTATAAfccCAAAATCGACTTCCTACTTT^ 

1 2 0 1 CTTrCTTTTCTTTTTTAAGGATAATTAATTATTATCTTATAATAGGTTTTMTGGAGAAATTAAAATGGATAAGCCCMTAGTAAAGA^ 

1 3 0 1 GTCCCGTTCTACTGAATGTCCGTCATATAATGAATGTATGTGCGTTTGGTTAGATTATTTTGCTTCAAAMTAGMTMTTTGCAGTAATATTAAGTCCT 

1 4 0 1 ACTGCTTTC^CTACAGATTAAATATTAMCAATCAATAATTTTCMTTGATTTrAAGAATGCCCCCCCTCCAGTTrrCAATAGTTCAACCGGAGGGGATA 

4 

1 5 0 1 ATAGTTCTGAMCGAffArTTTTTCAAATATTrTTTAAAATTACTGAGCATTATGAGTAGATTATATC(^ITIT^ 

1 6 0 1 TGACGCTGCAATATCMGTCACTTTCMGTAATTTTTGTATGTGGAAAAGTAAATTACCACCACGAAGCCCTGTAAGTTCTGAAAGAGCAGTGAATGTCA 

1 7 0 1 TGGTTTCAGAGGCCATAGATTTAAGMTTTGAAGTCTCTGTTTATTAGAMTAGGTTCMGAACACrrCTTAACCATAATTTCTTCAGGAATAGAAGATAT 

Accl 
1801 CTCAGTTTTATCCTCTTTATTATTGTCATATAmGTAGAGAGCCMTrAGATraT^ 
1901 CATITATCAAAAGGAGCACTTTTCCTTATTTCATCTAATTCCTCTCTTmTCmT^^ 

- B o x I / B o x I I . 

2001 TATTTTGTAGAAATCCGTT^^^^CTITACAGGTTTCCCGCATCTTACAGGGATTAACCATATTTTGTTCTAAATCATTTTCAATATCATCAGAAAT 

Ecc&l 

2101 ATAMCAGATACrGAATTCAAAATATCCTTTTTTAAGTTGCTTAGCATTAAATCAAGGTATTCTTGATrAGArrTTrCCATCAAACGCTrGATATCCTGA 

£coRI — 4 

2201 TGTATAGCTTCTAATTTCATTCGGGCATCATAGMTTCAGGATTATCCATTTTATTTAGATITrCCATAMTTATTTTATTGATTTAGATAGTATTAA^ 

. F R - M B o x I I ) 

2301 GTTTCTTTCTTGACCTTTTMGTCATATTTGTGTATAAMCTGTACTTAGTACATTTrAATGACGGTTrAGTATATATTTCTMTAAACAATAGTl^M 

2401 ^AATTTGTGGATGTTCTCGTGCCCTGATAGGGGTTAGTTACTnTCATGGGGCAGCAATCICATGATATCTTTGATTCAGGGCCTGGATTATCCTCCT 

2501 CATGGCCTCCTTCTCCCTGGGGCCCCCGACCTTCCTTGCAACCCGGTTCATCTCAGCGATCCTCTCCCTGAGGACCAGAGGGTCTGAAAATTCAGCTCGC 

2601 GTATAGGCTATCAGTGACTCAATAACAGCGTATATGCCACGGTTGAGGGCCATCCTGAAGCTTTCAGCCCTCATAACATCACCTGCACGGGCCTTCACAA 

Pstl 
2701 CATGAAGTTCTGACTCACCGAACCGGTCCCTCTTCACCAGCTTCTTCACAGAGACAACCTCTGCAG 

Figure 5. Nucleotide sequence of the 2766-bp Pstl fragment from M.thermoautotrophicum AH 
including FR-Ib and its flanking regions. Boxed nucleotides represent the consensus hexanucleotide 
located at the ends of FR-I and the junction site of boxl and boxll. The initiation and termination 
codons of two ORFs (1 and 4) of FR-Ib are marked. Asterisks denote a potential ribosome binding 
site. 

(Fig. 3). Since strains AH and CSM3 are closely related organisms (Nolling et al. 1993b) 
this finding suggests that the FR-Ib element is located at identical positions within the same 
sequence context in the chromosomes of strain AH and CSM3. 

A different result was obtained from sequence analysis of the 1.4-kb .EcoRI fragment 
cloned in pUCMl. It contained the complete boxl of FR-I which seemed to be flanked at 
both sites by one copy of boxll (Fig. 3). The junction sites of boxl and boxll showed the 
consensus sequence A(A/T)ATTT (Fig. 4). Since the cloned EcoW fragment contained only 
about 100 bp of the adjacent copies of boxll no analysis of the flanking chromosomal 
sequences was possible. Nevertheless, the sequence of the pUCMl insert suggests that, in 
addition to a FR-Ib, strain CSM3 contains another type of FR-I, designated FR-Ic, consisting 
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of either two copies of boxll and one copy of boxl or representing a tandem repeat of either 
FR-Ia or FR-Ib (Fig. 3). To discriminate between these possibilities, we analyzed a PCR-
amplified DNA fragment that was produced from total DNA of strain CSM3 using two 
primers specific for boxl of FR-I (see Fig. 3). Sequence analysis of the approximately 1-kb 
PCR product, which was cloned into H/nrfll-linearized pUC19 to yield pUCM5 (Fig. 3; 
Table 1), revealed that it comprise a complete boxll flanked by sequences homologous to 
boxl. This result suggests that FR-Ic may consist of at least two continuous copies of either 
FR-Ia or FR-Ib (Fig. 3). 

Coding capacity of the FR-I elements 

The FR-I elements were inspected for the presence of open reading frames (ORFs) with more 
than 200 bp and appropriate start codons (ATG, GTG or TTG). The boxl of either FR-I 
element contained an identical ORF, designated ORF1, with a size of 237 bp ranging from 
position 3264 to 3500 in FR-Ia of strain THF (Nolling et al. 1992) and from position 937 
to 1173 in FR-Ib of strain AH (Fig. 5 and 6). Two additional ORFs were found in FR-Ia of 
pFVl. One of these, ORF2, was 294 bp in size (ranging from position 3100 to 2809) and 
part of boxll, while the other one, ORF3, was 258 bp in length (from position 4103 to 3848) 
and located in boxl (Fig. 6). In FR-Ib of the strains AH and CSM3, the different 
organization of boxl and boxll resulted in a fusion of ORF2 and ORF3 yielding ORF4 with 
a size of 750 bp (ranging from position 2268 to 1519 in strain AH; Fig. 5 and 6). However, 
except for ORF1, none of the ORFs were preceded by a sequence with similarity to a 
consensus methanogenic ribosome binding site (Brown et al. 1989) (Fig. 5). A TFASTA 
search (Pearson et al., 1988) of the nucleotide sequence and the deduced amino acid 

Boxll Boxl 
i i i 

iMATTTl lATATTTl 

1 1 

|AAATTT| 

1 FR-Ia 

ORF2 ORF1 ORF3 

Boxl Boxll 
I I I 

lAAATTTl 

1 

lAAATTTl iATATTTl 

1 1 FR-Ib 
<$ 

ORF1 ORF4 

Figure 6. Coding capacity of FR-Ia from plasmid pFVl of M.thermoformicicum THF and FR-Ib from 
either M.thermoautotrophicum AH or M.thermoformicicum CSM3. Identical coding regions are 
indicated by a similar shading. 
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sequences of possible gene products of the FR-I elements with those stored in the databases 
revealed no significant similarity. 

Copy number of FR-I elements 

Since the FR-I elements were exclusively plasmid-located in M.thermoformicicum THF, their 
copy number correspond with that of pFVl which is present in approximately 4 to 5 copies 
per chromosome in this strain (Nolling et al. 1991) (Table 2). To determine the copy number 
of FR-I elements contained in the chromosome of Methanobacterium strains, total DNA of 
these strains was digested with restriction endonucleases that have no cleavage sites in FR-I, 
and subsequently hybridized with the FR-I-specific probe. Hybridization of SaK-Sphl cleaved 
DNA prepared from M.thermoformicicum strains CSM3, FF1 and FF3 yielded a single 
hybridization signal with comparable intensity (Fig. 2A, lanes 13-15). When DNA of the 
same strains was digested with BamHl and PstI, we observed three hybridization signals with 
the DNA from strains CSM3 and FF1 and only one with that from strain FF3 (Fig. 2A, lanes 
10-12). The obtained hybridization patterns and the signal intensities indicate that strains 
CSM3, FF1 and FF3 each harbor at least three copies of a FR-I element which are located 
on BamHl-Pstl fragments that differ in size in strains CSM3 and FF1 but are similar sized 
in strain FF3 (Table 2). Moreover, these multiple FR-I elements seem to be clustered in the 
strains CSM3, FF1 and FF3 on an approximately 15 kb sized SaK-Sphl fragment (Fig. 2A, 
lanes 13-15). 

In the case of M.thermoautotrophicum AH, a single hybridization signal was observed with 
BomHI-digested DNA (data not shown) and two signals with DNA cleaved by JScoRI (FR-I 
contains two EcdSl sites; Fig. 2A, lane 8). These results would indicate that strain AH 
contains a single copy of FR-I. However, the comparable signal intensity of the major 
hybridization species of ZJcoRI-digested AH DNA (Fig. 2A, lane 8) and that derived from 
BamHI-Pstl cleaved FF3 DNA which represents three copies (Fig. 2A, lane 12), suggests 
that strain AH may harbor more than one FR-I element (Table 2). 

Characterization of FR-II 

Comparison of the nucleotide sequences of plasmid pFVl and pFZl (Nolling et al. 1992) had 
shown that plasmid pFZl contains a region homologous to the 3.3-kb Nafl-EcoRI fragment 
of pFVl which includes FR-II. Therefore, plasmid pFZl also carries a copy of FR-II 
(designated FR-II'). Due to the high interplasmid similarity of the FR-II containing regions, 
however, determination of the exact size of FR-II and FR-II' was not possible. To allow for 
a better comparison, the chromosomal FR-II element of M.thermoformicicum CSM3 was 
analyzed. For this purpose, we first cloned a 4.5-kb EcoRl fragment of strain CSM3 that 
hybridized with the FR-II probe (Fig. 2B, lane 9) to yield pUCM6 (Table 1). Sequence 
analysis of a part of the pUCM6 insert generated a continuous stretch of 2676-bp (EMBL 
accession no. X69114). Alignment of this sequence with that of the FR-II-containing plasmid 
regions revealed a 2.5-kb fragment with high similarity. This chromosomal segment of strain 
CSM3 was designated cFR-II (Fig. 7). 

The cFR-II segment comprised 2542 bp (from position 47 to 2568 of the analyzed pUCM6 
sequence) and had a similar size as FR-II' from plasmid pFZl (2510 bp; position 4750 to 
7258 according to Nolling et al. 1992). FR-II from plasmid pFVl contained, however, a 
direct repeat of two identical 524-bp sequences (DR) that enlarged its size to 3034 bp 
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(position 5687 to 8719 according to Nolling et al., 1992). 
Both FR-II' and cFR-II contained ORFs of a comparable size, ORF5' (position 5295 to 

6791) and cORF5 (position 730 to 2142) (Fig. 7), respectively, that could code for proteins 
with a calculated molecular mass of respectively 54.1 and 51.6 kDa. Due to the sequence 
duplication in pFVl, however, two partially identical ORFs, ORF5a (position 6214 to 6221) 
and ORF5b (position 6890 to 6895), were generated in FR-II that could code for proteins 
with a calculated molecular mass of 24.7 and 49.6 kDa, respectively (Fig. 7). As a 
consequence, the C-terminal part of the ORF5a protein and the N-terminal part of the ORF5b 
protein would share a block of 170 identical amino acids. The plasmid-located ORF5a of 
pFVl and ORF5 of pFZl are followed by two additional, smaller ORFs, ORF6 (position 
8354 to 8719) and ORF6' (position 6831 to 7259), respectively (Fig. 7). The capacity to 
code for large and highly similar proteins is the most conspicuous feature of the FR-II 
segments. Alignment of the amino acid sequences deduced from ORF5a/b, ORF5' and 
cORF5 revealed 72-84% identical residues. Interestingly, cORF5 of strain CSM3 is flanked 
by sequence blocks which share no homology with the plasmid-located FR-II segments (Fig. 
7). This particular conservation of cORF5 and its plasmid-derived counterparts may indicate 
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Figure 7. Organization and similarity of the FR-II segments derived from plasmid pFVl and pFZl 
of M.thermoformicicum strains THF and Z-245, respectively, and the chromosome of strain CSM3. 
ORFs are represented by open arrows whereas the direct repeat (DR) found in pFVl is indicated by 
black arrows. The 5-region of ORF5a and ORF5' that could code for a putative signal peptide is 
indicated by a black block. The position of a stop codon that would result in a N-terminal truncated 
cORF5 protein of strain CSM3 is shown. Regions with high degree of similarity are shaded and 
homology values are given in percentages. 
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their expression into proteins with yet unknown function. A database search failed, however, 
to detect significant similarities with the nucleotide sequence or the deduced amino acid 
sequence of either of the FR-II segments. 

The ORF5a protein of pFVl and the ORF5 protein of pFZl contained a stretch of 24 
amino acids with structural similarities to a prokaryotic signal sequence (Gierasch 1989): a 
N-terminal located block of four polar and one positively charged residue followed by a 
hydrophobic core of 13 residues and a putative signal peptidase cleavage site (for ORF5a: 
NH2-MENGTLVL^4LLTLFVL4GSSSXi^DVGffiLDKN...; charged and hydrophobic resi­
dues are underlined and in italics, respectively; the arrow indicates the putative signal 
peptidase cleavage site). The presence of this putative leader peptide suggests that the 
proteins may be translocated through or associated with the cell membrane. The deduced 
product of cORF5 of strain CSM3, however, lacks this sequence since a stop codon at 
position 688 would result in a protein which is, compared to the corresponding plasmid-
encoded proteins, N-terminally truncated by 33 amino acids (Fig. 7). 

Inspection for appropriate expression signals suggested that the ORF5a/ORF5b region of 
plasmid pFVl may form a transcriptional unit since a sequence stretch with considerable 
similarity to a typical archaeal promoter signal (Hain et al. 1991) could be identified 
upstream ORF5a, whereas ORF5b is immediately followed by a T-rich stretch that resembled 
a conserved archaeal transcription termination signal (Brown et al. 1989). Both ORFs are 
preceded by a potential ribosome binding site (Brown et al. 1989). The putative transcription 
and translation signals identified for ORF5' of pFZl were almost identical to those found for 
ORF5a/ORF5b, i.e. ORF5' displays the promoter sequence and the ribosome binding site 
of ORF5a and the terminator signal of ORF5b. Similar transcription signals could be 
identified for the chromosomal cORF5 although it is devoid of a appropriate ribosome 
binding site. 

DISCUSSION 

The high similarity of the archaeal plasmids pFVl, pFZl and pFZ2 from 
M.thermoformicicum strains THF, Z-245 and FTF, respectively, suggested by hybridization 
studies (Nolling et al. 1991) and partially confirmed by nucleotide sequence analysis (Nolling 
et al., 1992), implies that these extrachromosomal elements belong to a family of related 
plasmids and probably have been derived from a common ancestor. Whereas the major part 
of the plasmids consist of unique sequences which showed no homology to chromosomal 
DNA of the methanogenic strains used in this study, two regions of plasmid pFVl could be 
identified that have chromosome-located counterparts in several thermophilic strains of the 
genus Methanobacterium. One of those plasmid-derived regions, FR-I, is characteristic for 
plasmid pFVl, whereas the other one, FR-II, is also part of plasmids pFZl and pFZ2. 

FR-I consists of two sequence blocks, boxl and boxll, which occur in a variable sequential 
order. Based on their organization three different types of FR-I could be identified (Fig. 3): 
(i) FR-Ia, which is part of plasmid pFVl, displays a boxll-boxl organization; (ii) FR-Ib, 
isolated from the chromosome of M.thermoautotrophicutn AH and M.thermoformicicum 
CSM3, with the order boxl-boxll; and (iii) FR-Ic from strain CSM3 consisting of tandemly 
repeated copies of either FR-Ia or FR-Ib. In spite of their different organization, boxl and 
boxll of each element have the same orientation (Fig. 3) and an identical nucleotide 
sequence. FR-Ia and FR-Ib are 1501 bp in size and exhibit defined short terminal direct 
repeats with the consensus sequence A(A/T)ATTT. Moreover, this consensus sequence 
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defines the boundaries of boxl and boxll (Fig. 4). The observed different organization of 
boxl and boxll could well be the result of recombination. It may be suggested that either the 
A(A/T)ATTT sequence is involved in the rearrangement of boxl and boxll or, alternatively, 
that the elements containing only a single boxl, i.e. FR-Ia and FR-Ib, represent deletion 
derivatives of a FR-Ic-like element. The single FR-Ib element found in strain CSM3, for 
instance, could have been generated from a FR-Ic-type element consisting of two repeated 
FR-Ib copies by homologous recombination between those repeated elements. 

An exceptional property of the FR-I elements is their complete conservation on the 
sequence level as found for four independently isolated copies from three different 
Methanobacterium strains. A similar observation was reported for the halobacterial insertion 
sequences ISH1 (Simsek et al. 1982; Pfeifer and Ghahraman 1991) and ISH2 (DasSarma et 
al. 1983; Pfeifer and Ghahraman 1991). Analogous to the 520-bp ISH2 element, also the FR-
I elements have low coding capacity, indicating that other characteristics than the encoded 
gene products might be responsible for the conservation on the nucleotide level. One may 
argue that the examined strains have recently acquired these elements, and therefore base 
variations are unlikely to have occurred during this timespan. However, all methanogenic 
strains that contain at least one copy of an FR-I type were isolated from geographically very 
different locations during a period of two decades. 

It is tempting to speculate that FR-I represents a new archaeal insertion element. Several 
observations would support this hypothesis, (i) The FR-I elements exist in multiple genomic 
copies. At least two of the elements, FR-Ia and FR-Ib, are part of a different sequence 
context as revealed from sequence comparison of the FR-I flanking regions. Since the 
flanking regions showed no sequence similarity to the FR-I elements, integration of the 
elements is unlikely to have occurred by homologous recombination, (ii) Each FR-I element 
contains terminal direct repeats with the consensus sequence A(A/T)A I ' l l . This direct repeat 
may either be part of the element or may represent a target site duplication generated upon 
integration of FR-I. The latter possibility would be supported by the fact that plasmid pFZl 
from strain Z-245 contains a single copy of a similar hexanucleotide, AGATTT, at the 
position where FR-I is integrated in plasmid pFVl (Fig. 5). (iii) The FR-I elements contain 
ORFs that may encode proteins involved in movement of the elements. Since, however, 
rearrangements of boxl and boxll affect the coding capacity, the major 750-bp ORF is only 
found in FR-Ib and FR-Ic (Fig. 6). 

In contrast to most of the IS elements known in Archaea and Bacteria, FR-I lacks terminal 
inverted repeats. However, transposition does not depend on the presence of terminal 
inverted repeats as was found for several transposons from gram-positive bacteria, such as 
Tn554 (Murphy and Lofdahl 1984) or Tn5275 (Rauch and de Vos 1992). Similarly, no 
terminal inverted repeats were found for the (putative) insertion element ISH1.8 associated 
with phage $H of the archaeon Halobacterium salinarium (Schnabel et al. 1984). The latter 
authors concluded that the insertion mechanism of those elements is different from that of 
IS elements with terminal inverted repeats. This could also apply to FR-I. The conclusion, 
however, that FR-I is a novel type of IS element will only be justified by the observation of 
its transposition. 

A second region of plasmid pFVl, FR-II, was found to have homologous counterparts in 
the chromosome of M.thermoformicicum strains CSM3 and HN4. Furthermore, a chromo­
somal copy of FR-II seems also to be present in strain THF, the host of plasmid pFVl. In 
contrast to FR-I, FR-II is an integral part of plasmid pFVl and pFZl and possibly also of 
the postulated common ancestor of those related plasmids. The presence of FR-II in a 
restricted number of strains on either plasmid or chromosomal DNA suggests that it belongs 
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to a similar class of elements as FR-I. However, compared to FR-I, FR-II differs in several 
aspects: (i) FR-n is also part of the plasmids pFZl and pFZ2 of the strains Z-245 and FTF, 
respectively; (ii) it is less frequently distributed among other thermophilic Methanobacterium 
strains (Table 2); (iii) only a single copy of FR-II seems to be located on chromosomal DNA 
(Table 2); (iv) FR-II is less conserved on the nucleotide level; (v) there is no evidence for 
target site duplication; (vi) it displays a higher coding capacity. The most remarkable 
characteristic shared by the analyzed two plasmid-located FR-II segments and the 
chromosomal one from strain CSM3 is the presence of a large coding region that may direct 
the synthesis of highly similar proteins. The high conservation of the FR-II coding regions 
may indicate that they encode proteins with yet unknown function. 

The distribution of FR-I among thermophilic Methanobacterium strains strongly correlates 
with their phylogenetic position. As was shown by DNA-DNA hybridization studies and 16S 
rRNA analysis, all FR-I carrying strains, i.e. M.thermoformicicum strains THF, CSM3, FF1 
and FF3, and M.thermoautotrophicum AH, belong to the same species (Touzel et al. 1991; 
Nolling et al. 1993). We can imagine two explanations for this finding. Either FR-I was 
already part of the common ancestor of those strains or its dissemination is the result of 
horizontal gene transfer. The fact that the strains have been isolated from geographically very 
different locations, would argue for the first possibility. If so, this would imply that the 
strains Z-245 and FTF, which belong to the same species as the FR-I harboring strains 
(Touzel et al. 1992; Nolling et al. 1993) but lack FR-I, have lost this element. On the other 
hand, lateral gene transfer of FR-I may have occurred analogous to dissemination of insertion 
elements in Bacteria via plasmids or phages. In this case plasmid pFVl from strain THF may 
have served as vector in mobilizing FR-I from one strain to another. 
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A restriction-modification system, designated MthTl, was localized on plasmid pFVl from the thermophilic 
archaeon Methanobacterium thermoformicicum THF. The MthTl system is a new member of the family of 
GGCC-recognizing restriction-modification systems. Functional expression of the archaeal MthTl genes was 
obtained in Escherichia coli. The mthTIR and mthTIM genes are 843 and 990 bp in size and code for proteins 
of 281 (32,102 Da) and 330 (37,360 Da) amino acids, respectively. The deduced amino acid sequence of 
M.MthTl showed high similarity with that of the isospecific methyltransferases M.JVgoPII and M.Haelll. In 
addition, extensive sequence similarity on the amino acid level was observed for the endonucleases RJfcfl/tTI 
and RJvgoPH. Moreover, the endonuclease and methyltransferase genes of the thermophilic AftATI system and 
those of the Neisseria gonorrhoeae NgoPU system show identical organizations and high (54.5%) nucleotide 
identity. This finding suggests horizontal transfer of restriction-modification systems between members of the 
domains Bacteria and Archaea. 

Type II restriction-modification (R/M) systems are com­
posed of two enzymatic activities, an endodeoxyribonu-
clease (ENase) and a DNA methyltransferase (MTase), 
which recognize the same specific DNA sequence (44). It has 
been proposed that a major function of R/M systems is the 
protection of resident DNA against contamination by se­
quences of foreign origin (16). A great variety of R/M 
systems have been identified in prokaryotes (13, 30) and 
appeared to be valuable tools for studying evolution at the 
gene and protein levels (44). 

Genetic characterization of R/M systems showed that the 
ENase and MTase genes are usually located in close prox­
imity to each other, although their relative orientations may 
differ (44). Comparison of ENases and MTases from se­
quenced R/M systems revealed that ENases share no protein 
similarity with isospecific MTases. In addition, ENases 
generally show no homology with other ENases (18), with 
the exception of the pairs R.EcoRI-R J tsH (36) and R.Bs«FI-
R.MspI (12). In contrast, considerable similarities between 
various MTases were found at the amino acid level, espe­
cially between those generating 5-methylcytosine (m C-
MTases) (15, 19, 26, 37). Among R/M systems with m5C-
MTases, those that recognize the target sequence GGCC are 
widely distributed (30). Representatives that have been 
sequenced include Haelll (35), NgoPU (37, 38), flsuRI (14), 
and BspRl (27). In addition, the sequences from three 
GGCC-specific MTases from Bacillus subtilis phages SPR, 
<t>3T, and p l l s have been determined (1, 41). This molecular 
characterization of GGCC-specific R/M systems allowed the 
identification of conserved sequence motifs such as the 
target-recognizing domains in the MTases and the study of 
the evolution of these proteins (1, 17-19, 43). 

All known sequenced R/M systems originate from mem­
bers of the domain Bacteria; no sequences of ENases or 
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MTases have been reported from members of the domain 
Archaea, a fundamentally different group of prokaryotes 
with a unique phylogenetic position (46). Nevertheless, R/M 
systems have been detected in representatives of all archaeal 
groups, including halobacteria (25), thermoacidophiles (28), 
and several methanogens (20, 33, 39). 

In this communication, we describe the characterization 
of a GGCC-recognizing R/M system, designated MthTl, 
from the thermophilic archaeon Methanobacterium thermo­
formicicum THF. This R/M system was initially detected 
during molecular characterization of a new plasmid, pFVl, 
that was recently identified in this strain (23). Unexpectedly, 
the gene and deduced amino acid sequences of the MthTl 
system showed significant sequence identity with those of 
the A^oPII system of Neisseria gonorrhoeae, suggesting 
horizontal gene transfer between members of the Archaea 
and Bacteria. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. M. thermoformicicum THF 
(DSM 3848) was cultivated as described previously (23). 
Escherichia coli JM83 (47) and TGI (9) were used for 
subcloning and propagation of plasmids pUC18 and pUC19 
(47) and phages M13mpl8 and M13mpl9 (47), respectively. 
Expression of the mthTIR and mthTIM genes was analyzed 
in E. coli HB101 (2). E. coli strains were grown at 37°C in L 
broth, if appropriate in the presence of ampicillin (50 M.g/ml), 
and handled according to established procedures (31). 

The entire 13.5-kb plasmid pFVl from M. thermoformici­
cum THF (24) was cloned into a X GEM-12 vector (Promega 
Biotec, Madison, Wis.) by using the single Xhol site of 
pFVl, yielding phage X GFV1 (24). For construction of 
plasmids pUVl and pUV2, two Xhol-Sstl fragments, 7.4 and 
6.1 kb in size, of X GFV1 were subcloned into pUC19 
digested with Sail and Sstl. Plasmid pUVl was used as a 
substrate in endonuclease and methylase assays. Plasmid 
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FIG. 1. Restriction map and subclones of a 6.1-kb Sstl-Xhol fragment of plasmid pFVl containing the MthTl system. Arrows indicate the 
orientation of the ENase (R) and MTase (M) genes. The in vivo and in vitro ENase (R) and MTase (M) activities of the subclones are 
summarized. + / - , partial activity; n.d., not determined. 

pUV2 carries the MthTl R/M system (Fig. 1). For expression 
studies in E. coli, a 2.9-kb //indll-Zfindlll fragment from 
plasmid pUV2 was cloned into pUC18 digested with Hindll 
and Hindlll, yielding plasmid pURM4 (Fig. 1). Deletion of a 
1.6-kb fragment between the Pstl site of the polylinker and 
the Nsil site of the insert of plasmid pURM4 resulted in 
plasmid pURM4AM (Fig. 1). For construction of plasmid 
pURM4AR (Fig. 1), a 1.95-kb Scal-Pstl fragment from 
plasmid pUV2 was cloned into pUC18 digested with Smal 
and Pstl. 

Enzymes and chemicals. Restriction enzymes, T4 DNA 
ligase, and Klenow DNA polymerase were obtained from 
Life Technologies Inc. (Gaithersburg, Md.). M.Haelll was 
purchased from New England Biolabs, Inc., Beverly, Mass. 
Oligonucleotides were synthesized with a Biosearch Cy­
clone DNA synthesizer (New Brunswick Scientific Corp.) at 
The Netherlands Institute for Dairy Research. [a-32P]dATP 
(110 TBq/mmol) was purchased from Amersham Interna­
tional (Amersham, United Kingdom). 

DNA manipulations and sequence analysis. Isolation of 
plasmids, transformation of E. coli, restriction mapping, 
agarose gel electrophoresis, and subcloning of DNA frag­
ments were done essentially as described previously (31). 
For determination of the nucleotide sequence, DNA frag­
ments from plasmid pUV2 were isolated from agarose gel, 
using a Geneclean kit as described by the supplier (Bio 101, 
La Jolla, Calif.), and subcloned into M13mpl8/19 vectors. 
The nucleotide sequences of overlapping fragments of both 
strands were determined with use of vector- and insert-
specific primers by the dideoxy-chain termination method 
(32) with the Sequenase kit according to the recommenda­
tions of the manufacturer (United States Biochemical Corp., 
Cleveland, Ohio). Computer analysis of sequence data was 
done with the University of Wisconsin Genetics Computer 
Group package (version 6.0) (7) and the CAOS/CAMM 
facilities at Nijmegen, The Netherlands. 

Preparation of cell extracts. Ten-milliliter overnight cul­
tures of E. coli HB101 carrying (part of) the MthTl R/M 
system were diluted with 10 ml of medium and induced with 
2 mM isopropylthiogalactopyranoside (IPTG). After 4 h of 
growth, cells were harvested by centrifugation and washed 
in prechilled lysis buffer (100 mM NaCI, 10 mM EDTA, 10 
mM p-mercaptoethanol, 50 mM Tris-HCl [pH 7.6]). Finally, 
cells were resuspended in 0.05 volume of lysis buffer and 
disrupted by sonication. After heat treatment for 10 min at 
65°C (34), the extract was centrifuged for 2 min at 15,000 x 
g. The supernatant was collected, adjusted to 0.4 u,g of 
protein per u.1, mixed with 1 volume of glycerol, and stored 
at -20°C. 

For preparation of cell extracts from M. thermoformici-
cum THF, approximately 0.1 g of cells was resuspended in 
0.5 ml of lysis buffer and disrupted by sonication as de­
scribed above. After centrifugation, the supernatant, which 
contained about 3.5 to 5.0 ng of protein per u.1, was col­
lected, mixed with 1 volume of glycerol, and stored at 
-20°C. 

Endonuclease assay. Standard assays with RJlftATI were 
performed in a total volume of 10 u.1 containing 1 u,g of DNA, 
1 u.1 of restriction endonuclease buffer (1 M NaCI, 0.1 M 
MgCl2, 0.01 M dithioerythreitol, 0.5 M Tris-HCl [pH 7.6]), 
and 1 u.1 of cell extract. After incubation for 1 h at 65°C, the 
resulting DNA fragments were analyzed by agarose gel 
electrophoresis. 

Methylase assay. For methylase assays with MMthTl, 1 u.1 
of cell extract was incubated with 1 |ig of DNA in 50 mM 
NaCl-1 mM dithiothreitol-50 mM Tris-HCl (pH 8.5)-0.08 
mM S-adenosylmethionine (AdoMet) in a total volume of 5 
lil. After incubation for 1 h at 65°C, 12 u.1 of deionized H 2 0 , 
2 u.1 of restriction endonuclease buffer, and 1 u.1 of extract 
prepared from E. co/i'(pURM4AM) or 10 U of R.Haelll were 
added, and the mixture was incubated for another hour at 65 
or 37°C, respectively. Subsequently, the DNA was analyzed 
by agarose gel electrophoresis. Assays using M.Haelll were 
performed under similar conditions but at 37°C. 

Primer extension. Approximately 1 u,g of pUVl DNA was 
incubated under endonuclease conditions with extract pre­
pared from E. coli harboring plasmid pURM4AM or 
R.Haelll. Digestion of the DNA was checked by agarose gel 
electrophoresis. The DNA was deproteinized by a repeated 
double phenol-chloroform extraction and chloroform extrac­
tion, precipitated with ethanol, and finally resuspended in 
deionized H 2 0 . After alkali denaturation, the DNA was 
precipitated again and resuspended in 5 p.1 of deionized H 2 0 . 
Addition of 2 u.1 of buffer (0.1 M Tris-HCl [pH 8.0], 0.05 M 
MgCl2) and 3 u.1 of primer (0.5 pmol/u.1) was followed by 
annealing for 15 min at 37°C. The suspension was mixed with 
1 (il of 0.1 M dithiothreitol, 2 |il of deoxynucleoside triphos­
phate (dNTP) solution (dCTP, dGTP, and dTTP; 1.5 u.M 
each), 0.2 u.1 of [o>32P]dATP (10 |iCi/|il), and 5 U of Klenow 
DNA polymerase and incubated for 5 min at room temper­
ature. After addition of 4 u.1 of chase solution (all four 
dNTPs; 0.5 mM each), the mixture was incubated for 30 min 
at room temperature; the reaction was stopped by addition 
of 8 u.1 of the stop solution used for the sequence reactions. 

Nucleotide sequence accession number. The nucleotide 
sequence reported in this paper has been assigned the 
GenBank accession number M97222. 
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RESULTS 

Identification and sequence analysis of the MthTl R/M 
system. The thermophilic M. thermoformicicum strain THF 
harbors the 13.5-kb plasmid pFVl (24). During restriction 
analysis of pFVl , we observed that its DNA was resistant to 
digestion with the GGCC-specific ENase R.Haelll. Upon 
cloning of the two Xhol-Sstl fragments of pFVl in E. coli 
JM83 by using pUC19, it appeared that DNA of one of the 
resulting plasmids, pUVl, was sensitive to R.HaeIII. In 
contrast, DNA of the other plasmid, pUV2 (Fig. 1), was only 
partially digested with R.Haelll despite the presence of 
multiple HaelU recognition sites in at least the vector part of 
pUV2. The degree of protection against digestion with 
R.Haelll increased when the mcrB E. coli strain HB101 was 
used to propagate pUV2 (Fig. 1). These results indicate that 
M. thermoformicicum THF contains an MTase activity, 
designated M.MthTl, which modifies the R.Haelll recogni­
tion sequence and is probably encoded by the insert DNA of 
pUV2. Subcloning of pUV2 DNA followed by R.HaelU 
digestion studies allowed the location of the putative 
mthTIM gene on a 1.95-kb Scal-Pstl fragment, contained in 
plasmids pURM4 and pURM4AR. These plasmids were 
partially and completely resistant to digestion by R.Haelll, 
respectively (Fig. 1; see below). 

Nucleotide sequence analysis of the 2,879-bp Hindll-Xhol 
insert present in pURM4 (Fig. 2) revealed two large, par­
tially overlapping open reading frames (ORFs). The first 
ORF is located between positions 166 and 1032. This ORF 
contains an initiation codon (ATG) at position 187, which is 
preceded by a potential ribosome binding site (positions 171 
to 181). If this initiation signal is used, the ORF could code 
for a protein with 281 amino acids (32,102 Da). Since 
plasmids containing this ORF resulted in an ENase activity 
in E. coli (Fig. 1; see below), we conclude that it represents 
the mthTIR gene. The second ORF ranges from positions 
1026 to 2019 and is included in the 1.95-kb Scal-Pstl frag­
ment, which specifies MTase activity (see below). There­
fore, we conclude that this ORF contains the mthTIM gene. 
A potential start site of the mthTIM gene is the second triplet 
of this ORF (ATG at position 1029), which partially overlaps 
with the opal stop codon (TGA) of the preceding mthTIR 
gene. The mthTIM gene is preceded by a putative ribosome 
binding site at positions 1014 to 1018. If this ATG is used, the 
mthTIM gene could code for a protein of 330 amino acids 
(37,360 Da). 

Preceding the coding regions of each gene, two possible 
transcription initiation sites with similarities to a typical 
methanogenic promoter (4, 29) consisting of a consensus 
boxA and a boxB could be identified (Fig. 2), but their 
functionality has to be verified. Immediately following the 
mthTIR gene, a T stretch that could function as a transcrip­
tion termination signal was observed (Fig. 2) (4). A second 
T-rich stretch was identified downstream of the translation 
termination codon of mthTIM. This putative transcription 
termination signal is contained within a 198-bp region con­
sisting of several direct repeats (Fig. 2), which were not 
found elsewhere in the DNA of pFVl (24). 

Activity and recognition sequence of RJf/ATI. Plasmids 
pURM4 and pURM4AM, which both contain the mthTIR 
gene under control of the vector-located lac promoter (Fig. 
1), appeared to encode active ENase, since E. coli HB101 
harboring either of those plasmids showed low recovery and 
substantial degradation of plasmid DNA (data not shown). 
To analyze the in vitro ENase activity, cell extracts prepared 
from E. coli HB101 harboring pURM4AM were incubated 

with phage k and pUVl DNA at 65°C. The results showed 
that the number and size of the restriction fragments ob­
tained with the extract were identical to those obtained by 
digestion with purified R.Haelll at 37°C (Fig. 3A). Similar 
digestion patterns were obtained with cell extracts prepared 
from cells, of HB101 harboring pURM4 (Fig. 1) and M. 
thermoformicicum THF, although the activity of the latter 
extracts was much lower than that of the E. coli extracts. No 
ENase activity was found in control experiments using 
clones with either pURM4AR or pUC18 (data not shown). 
These results confirm that the M. thermoformicicum 
R.MthTl activity is encoded by the cloned, pFVl-located 
mthTIR gene. In addition, the data indicate that the archaeal 
R.MthTl recognizes the same DNA target sequence as does 
RMaelll, i.e., GGCC (3). 

To determine the exact position at which R.MthTl cleaves 
the target sequence, primer extension experiments were 
performed, using R.MthTl- or R.//oeIII-digested pUVl 
DNA as a template. The primer extension product of DNA 
incubated with R.MthTl was the same size as that derived 
from incubation with R.Haelll (Fig. 4). Inspection of the 
sequence ladder run in parallel showed that both ENases 
cleave the target sequence to yield GG i CC. 

Activity of MMthTl in vivo and in vitro. To extend the 
observation that pUV2 DNA and DNA of some of its 
subclones (Fig. 1), when propagated in E. coli HB101, 
showed (partial) resistance to digestion with R.Haelll, those 
plasmids and control DNAs were incubated with R.MthTl 
obtained from a cell extract of E. coli HB101 harboring 
pURM4AM. As was expected from the identical target site 
recognition of the two ENases, the same protection against 
digestion was observed. Remarkably, DNA of pUV2 and 
pURM4 was only partially protected against digestion by 
both R.HaelU and RMthTl, whereas DNA of pURM4AR 
was found to be fully protected against digestion by both 
ENases (not shown), suggesting different expression levels 
of themtfi77Mgenein£. coli harboring these plasmids. Low 
M.MthTl activity was also observed in extracts of E. coli 
HB101 harboring pURM4, which contains the complete 
MthTl R/M system under control of the vector-located lac 
promoter (Fig. 1). Higher MTase activity was observed in 
cells containing pURM4AR, and almost complete protection 
of pUVl DNA against restriction with either R.Haelll or 
pURM4AM-encoded RMthTl was found (Fig. 3B, lanes 1 to 
4). 

In vitro methylation assays using a cell extract of E. coli 
HB101(pURM4AR) clearly showed the dependence of the 
MMthTl activity on addition of the methyl group donor 
AdoMet (Fig. 3B, lanes 1 to 4). Similar dependence on 
AdoMet was obtained when pUVl DNA was modified in 
vitro with M.WaeIII at 37°C (Fig. 3, lanes 5 to 8). Further­
more, extracts from M. thermoformicicum THF also con­
tained AdoMet-dependent MTase activity which gave pro­
tection against R.Haelll or RMthTl (not shown). However, 
this in vitro activity was lower than that observed in E. coli 
extracts harboring pURM4AR. These results demonstrate 
that the mthTIR and mthTIM genes are both components of 
the GGCC-recognizing R/M system MthTl. 

M.Haelll modifies the tetranucleotide target sequence at 
the third position, yielding GGmeCC (22). Since DNA mod­
ified by MMthTl is resistant to digestion with R.Haelll 
(Fig. 3B, lanes 2 and 4) and, vice versa, DNA modified by 
M.Haelll is also resistant to digestion of the pURM4AM-
encoded RMthTl (Fig. 3B, lanes 5 and 7), it is likely that 
M.MthTl modifies the target sequence at the same position 
as that modified by M.Haelll. 
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HlaiRl 
1 GTWCGCAGTCCTCATAnC^CCGATATTGGCTCAMTCncnCAAA^^ 

121 TCATAGmAmCASMCWTCTAAAMTTCTMTA<«TGTC*n<aGATGAGGGGGTA^^ 
s tar t mthTIR H S N L L Q A I H H I K S I Q E R N 

241 nGGGATCATATAAGGGTGTC0(AGACTCCAAAAATAGMT6AACC»(^^ 
L G S Y K G V Q D S K N R M N Q M G V T L E V F I K D A F C H T F D I E I I K D L 

361 GTGTACAGTGAATACTmCnACCTTGGAAATCAAAATAACCCCCCCGACATGATCCT^ 
V Y S E Y F S Y L G H Q N N P P O H I L K G G D A V E Y K K I T G I K T S I Q l 

481 MttGTTCATACCCCMGTOW«TcnTGmCTGACAGCA^ 
N S S Y P K S K L F V S D S R I T E A C K N C E D W E V K D I I Y A I G T I P N 

Seal mini 

601 AGAGTCCnMGnMT6TTTmGmATGGGGACTGnACGCGG0WGCCCTT™^^ 
R V L K L H F F V Y G D C Y A A S P S I Y Q R I V E E V K G G L H S T G L E F S 

721 GAAACAAACGAGCTAGGTAGMnAACAGGGTAGACtCCCTGGGAAnAMGACCTMGGGTACGTGGTATGTGGATaTMAACACCCM^ 
E T N E L G R I H R V D P L G I T u L R V R G M W I I K H P I K V F K H I I P P 

841 GAATCMnAAAMTAATAACTHMTnAAnGCCCTGATGAAAGCAGAGAAGTAJAAACMmCCAAAAAMGATAGGAAMGAA 
E S I K N N N F N L I A L H K A E K Y K Q F P K K D R K R I E A E D N I E V T O 

***** • » • • • • • 
961 GTAAAMTAAAAGATCCTGACAACCCTGCCAAACTAnAGATAGCGncnGTGAGGTATGATGAMTATGAATATGGACATAGCGTCATTTTTTT 

V K I K D P D H P A K L L D S V L V R Y D E I * end MhTIR 
star t nthTIM K N M D I A S F F S G A G G L D L 

1081 GGTnACAAMGOVGGTTnAATATTGTCnrGCTAACGACMTTGGAAAGGGTGCTGGAAMCTTTCGAAAAAAACCACGGMTAAAM 
G F T K A G F N I V F A N O H W K G C W K T F E K K H G I K I N K K P I E W I K 

Hsn 
1201 CCTCAGAMTACCTGACGIGGnGGrrTCATAGGGGGACCCCCATGCCAGAGCTGGAGCCTGGCAGGnCAATGTGCGGGGCAGACGACCCCCGIGGTAAAACATTTTATGCATACGTGG 

P S E I P D V V G F I G G P P C Q S W S L A G S H C G A O D P R G K T F Y A Y V 

f«*I 
1321 ATnAGTCMAGAAAAAGATCCCCTAmTTCnGGCAGAAMCGTGCCAGGGATAGTnW^ 

O L V K E X D P L F F L A E H V P G I V S R T H L P E F X R L V N S F I O I G Y 

Kpnl 
1441 ACGTAGMTATAAGGTGCT«ACGO«AGGACTACGGCGTGCC*CAAGACAGAAAAAGGGTCTnATCGTCGGGTACCGTGAGGACnAMC 

H V E Y K V L N A K D Y G V P Q O R K R V F I V G Y R E D L N L K F E F P K P L 

1561 ACMGAAAGT(MCCCT(»GGGACGCTAnGGTGACCTTCCTGMCCCAAGCCCGCGCnGAAAAAMCAGGTCAMTGGGGAAMCnGGMGTGCCAMCCACGMIAMTGAO\GGGA 
N K K V I L B D A I G D L P E P K P A L E K N R S N G E N L E V P H H E Y H I G 

1681 CaTTTTWGCAGGTATATGTOIAGIiAACAGGGTAAGGAGTTGGGATGMGmM^ 
T F S S R Y M S R N R V R S U O E V S F T I Q A G S R H A P C H P g A K K H I K 

1801 TGGGACCTGACMGTCATAmGATCCAGAAAGTCCTAAACCCTACCGCTOG™^ 
V G P D K F I F D P E S P K P Y R R L S V R E C A R i g G F P O D F I F Y Y K H 

1921 nGCAGACGGnATACTATGGnGGTMCGCTGncCTGTGAMnAGCAGMGAACTAGCAAAAMGATA^ 
V A D G Y T K V G N A V P V K I A E E L A K K I K K O L E G V L M * end MtTIH 

f, 

•••• 
2 0 4 1 TTNAAGGTCACAGAGAGTAMTTGCGA^NGTAACCAGGMCAATACCTCTTNMGGTCCTCTTTTMGGICACAGAISAGTAMNGCGAGN^ 

2161 AGGICACAGAGAGTAAATTGCGAGTTGIAACCA^ 
2 2 8 1 G A G A T A C T G N C A A C T G C » A A A A G G T A M A T A T O T A A A A M T C A A A C C M « ^ ^ 

2 4 0 1 C C T G C T M G C T A D W G G T G T C C C T G N A C A A T G T C T C T G N A C A A G T G N A ^ 

2 5 2 1 C T C T G T C C C A C C G T G G G C C M T G T G C N A T A T A G A M M G G T A T T M N C T M ^ 

PstI Pstl 
2641 AGnGTATTGCGGGGAGCTGMMTGTTTGA(W(GA(̂ CCTAGACnnCAAAAACAGGGATGTCCTCAGCCCGCTCTTTGIGCCTGACACCCIGCAGGACAGAAAGGAAGAGGTGGGTG 

Seal Xliol 
2761 CTATOTCCAGTACnGGGGTAttTCCTCGACGGCGCCACCCC^^ 

FIG. 2. Nucleotide sequence of the 2,879-bp HindU-Xhol fragment of plasmid pURM4 and deduced amino acid sequences of the mthTIR 
and mthTIM genes. The potential ribosome binding sites are marked by asterisks. Putative archaeal promoters and terminator structures (4, 
29) are indicated by lines and circles, respectively. Arrows denote the location of direct repeats downstream from mthTIM. 
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FIG. 3. In vitro ENase (A) and MTase (B) assays of extracts of 
E. coli HB101 containing cloned mthTIR and mthTIM genes and 
purified R.HaelU and M.HaelU. (A) Lanes: 1 and 3, DNA of phage 
X and plasmid pUVl, respectively, incubated with extract prepared 
from E. coli harboring pURM4AM; 2 and 4, same DNA as in lanes 
1 and 3 but incubated with R.Haelll (10 U). (B) Lanes: 1 to 4, 
plasmid pUVl DNA incubated under MTase assay conditions with 
an extract prepared from E. coli harboring pURM4AR with (lanes 1 
and 2) and without (lanes 3 and 4) AdoMet and reincubated under 
ENase assay conditions with extract prepared from E. coli harbor­
ing pURM4AM (lanes 1 and 3) and 10 U of R.HaelU {lanes 2 and 4); 
5 to 8, same as lanes 1 to 4 except that M.HaelU (2.5 U) was used 
in the MTase assay; 9, undigested plasmid DNA from pUVl (1 u.g). 
Lane s, size marker phage \ DNA (0.5 u-g) digested with Hindlll. 

Sequence comparison of RJlfMTI. The nucleotide and 
deduced amino acid sequences of the R.MthTl enzyme were 
compared with published sequences of other GGCC-recog-
nizing endonucleases R.NgoPll (38) and R.RswRI (14). In­
terestingly, extensive sequence identity was found between 
R.MthTl and R.NgoPll (Fig. 5), and less, but still signifi­
cant, identity was found between short stretches of amino 
acids of R.MthTl and R.&vuRI (data not shown). The high 
degree of identity (Fig. 5) between R.MthTl and R.NgoPll 
on the amino acid level (44.8% identity and 67.8% similarity) 

1 2 A C G T 

JHkJ 

FIG. 4. Primer extension analysis of pUVl DNA digested with 
R.HaelU (lane 1) or R.MthTl (lane 2). The primer used had the 
sequence 5'-CTGTAGTTCAGGATC (positions 377 to 363 of plas­
mid pFVl) (24). Arrows indicate the extension product and its main 
5' nucleotide derived from incubation with both ENases. A shorter 
extension product attributed to nonspecific termination is also 
present. A DNA sequence ladder run in parallel is shown at the 
right. 

M. THERMOFORMICICUM MthTl R/M SYSTEM 

R.MthTl MSNIJ^AIMNIKSIQERKIXJSYKGVQDSIUTOMHQMGVTLEVFLKDAFCHT 50 

R.NgoPll M.HIIDAIINLANBPWGVESHS...QSHNRANQAGDALEEYVKDLFSGS 46 

R.MthTl FDIEHKDLV..Y8EYFSYLGHQHSPPDM1LKGGDAVEVKKITG1KTSIQL 98 

R.NgoPll FNLNETQR1ARHAKVFSYLGHNSNPPDAMLRHCDAIEVKKIESKDSALAL 96 

R.MthTl NSSYPKSKLFVSDSRITEACKNCEDWEVKDIIYAIGTIPNRV.LKLMFFV 147 

R.NgoPll NSSHPR^tXSVDDSMLTR^CKDAEKWEEKDIIYIVGVVDKKKHLKHLAMV 146 

R.MthTl YGDCYAASPSIYQRIVEEVKGGL.HSTGLEPSETNELGRINRVOPLGITD 196 

R.NgoPII YGIDYCADAECTLKIKHQIKEGIGNIGGIOPAETKELGRVHRIDPLHITY 196 

R.MthTl LRVRGMHIIKHPIKVFKNIIPPESIKHNKENL1ALMKAEKYKQFPKKDRK 246 

R.NgoPll LRVRGMWGIENPHFVFNYIYQRN..MEKSFNFMAIINEDKWJSFNHTDKL 244 

R.MthTI RIEAEDN1EVTDVKIKDPDNPAKLLDSVLVRYDEI 

R.NgoPII LAIQDSKLAISDIKIKNPNNPARLRKAKLITYHL. 

281 

278 

FIG. 5. Amino acid sequence alignment of R.MthTl and 
R.NgoPll. Lines denote identical amino acid residues, colons 
indicate conservative replacements, and single dots represent gaps. 
The alignment is based on the program BESTFIT of the University 
of Wisconsin Genetics Computer Group software (7). Regions with 
high amino acid identity are underlined. 

and on the DNA level (53.3% identity) indicates a close 
relationship between the two enzymes, which is also re­
flected in their similar sizes (about 32 kDa each). Several 
highly conserved regions, comprising 13 to 34 amino acids 
each with 69 to 76% identity, could be identified (Fig. 5). 
Except for a conserved region located at the C terminus, 
both enzymes were most conserved in the central part. 

Amino acid sequence comparison of MJWATI. Following 
alignments of amino acid sequences of several m5C-MTases, 
a common architecture of these enzymes was postulated and 
10 conserved blocks of amino acid residues were identified 
(19, 26). Those conserved domains are present with the same 
sequential order in the M.MthTl protein sequence (Fig. 6). 
In addition, the variable region between boxes VIII and 
IX, which is believed to be responsible for sequence speci­
ficity (19), shared high similarity with the corresponding 
region found in the four characterized monospecific GGCC-
recognizing MTases (M./Zaelll, M.NgoPll, M.ZJsuRI, and 
M.BspRl). These four MTases can be subdivided by size: 
M.HaelU and M.NgoPU (37.7 and 38.5 kDa, respectively) 
and M.BsuRl and M.BspRl (49.6 and 48.3 kDa, respective­
ly). M.MthTl (37.4 kDa) showed the highest degree of amino 
acid similarity (69.2 and 68.3%, respectively) with M.Haelll 
and M.NgoPll (53 and 51.9% identity, respectively; for 
comparison with M.NgoPll, its alternative start site 12 
amino acids downstream of the first Met was chosen). These 
high similarities arc also reflected on the nucleotide level 
of the corresponding genes (55.3 and 55.9% identity, re­
spectively). Comparison of M.MthTl with M.&*«RI and 
M.BspRl revealed 47.7 and 43.4% amino acid identity, 
respectively. This extensive sequence identity and the sim­
ilar sizes of the enzymes suggest a common ancestor for the 
mthTIM, haelHM, and ngoPUM genes. 

Although the overall similarity between the MTases with 
GGCC specificity is very high, several residues within the 
conserved regions showed variations in the M.MthTl en­
zyme. The most prominent one is a Pro residue at position 52 
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H.HthJI HNMDIASFFS GAGGIDLGFT KAGFNIVFAH DKUKGCU1CTF EKNHG.IKIM 
H.Haelll . . *HU*L** * * * * * * * * *0 ****R*ic** EYD*SI***Y *S**S.A*LI 
M.NaoPII . . *K*I*L** »C*««««E «*"E*PA" EYD»TI*A" KA"PKTHLI 

I I I IV 

H.HthTI 
H.Haelll 
H.HgoPII 

T • T • 
KKPIEULKPS EIP.OWGFI GGPPCQSUSL AGSHCGADDP RGKTFYAYVD 
*GO*SKISSD 'F'-KCO*!* • • • ••»»••£ G « | . R « I * * * • • • | » E * I R 
EGO-BKl'EE 0F«EEI0*I» »»••*»•••£ ••ALR*I**A **OL*FD*IR 

_yj_ VII 

H.HthTI LVKEKDPIFF LAEHVPG1VS RTHIPEFKRL WSFIDIGYH VEYPCVLKAKD 
H.Haelll IL*Q*K*I** *****K*MMA QR*HKAVQEF 1QE*DNA**0 *HIIL***N* 
H.HqoPII IL*S*Q*K** *****S"MLA *R*HCAVQN* UCH*DGC**I> *TLTHA**** 

M.HthTI YGVPODRKRV FIVGYREDLN LKFEFP KPLHKKVTIR DAIGDLPE.P 
H.Haelll " ' A * " " * *Y1«F»KE" IHYLP* I*HL1*P*FK *V*U**H>HP 
H.HgoPII • • •A«E"«* *YI«F*K**E IK*S**KGSI VEDKO»l**IC *V*U*"OOTA 

U8 
146 
148 

193 
192 
202 

H.HthTI KPALEKWtSH GEHIEVPHHE YHTGTFSSRY HSRHRVRSUD EVSFTIOAGG 243 
M.Haelll l***D**KT* "HKCIY**** *FI*SY*TIF *******Q*H *PA**V**S* 242 
H.HqoPII V*SAPQ*KT* PDAV..H*H* *F**S**PIF ****»*KA** * Q G * * V * * S * 250 

M.HthTI RHAPCHPQAH KHIKVGPDKF IFOPESPKPY RRLSVRECAR IOGFPDDFIF 293 
M.Haelll *QCQL****P V*L**SKHLH K*VEGKEHl* *«*T****** V********* 292 
H.NaoPII *0CQL*«»*P "E*H*AHDY R"AAGKETL* »*HT"*V" " * * " H * | ; * 300 

H.HthTI YYKHVADGYT HVGHAVPVKL AEELAKKIKK D"GVLH 
H.Haelll H*ESIH***K * I * * * * * * H * *Y*[**T**S A**ICKGH 
H.HqoPII I"0**H*A*K •I«*«»*«H« • y . ] . A A « « T » . 

330 
330 
329 

FIG. 6. Amino acid sequence alignment of M-MthTl, M.Haelll, 
and M.A/goPII, determined by using the program BESTFIT of the 
University of Wisconsin Genetics Computer Group software (7). 
The 11 putative N-terminal amino acid residues of the M.NgoPll 
sequence have been omitted. The amino acids identical to those of 
M.MthTl in sequences of M.Haelll and M.AfeoPII are indicated by 
asterisks. Single dots denote gaps. Regions marked I to X are 
conserved blocks found in the amino acid sequence of m5C-MTases 
according to Posfai and coworkers (26). Positions marked with 
arrowheads represent unique amino acid substitutions in M.MthTl 
compared with m5C-MTases and 5'-GGCC-recognizing MTases. 

(box III) of the MMthTl sequence, which is invariably an 
Asp in all m5C-MTases analyzed to date (19, 26, 47). 
Similarly, other single amino acid substitutions at invariant 
positions of GGCC-recognizing MTases affect the local 
charge, e.g., replacement of the positively charged Arg 
residues by Pro and Thr residues at positions 114 (box VI) 
and 303 (box X), respectively, of the MMthTl enzyme. In 
general, there is a tendency toward more hydrophobic 
substitutions in the conserved regions in the M.MthTl pro­
tein, although the overall hydrophobicity of M.MthTl is 
similar to that of M.AfeoPII and M.Haelll. 

DISCUSSION 

In this report, we describe the identification and charac­
terization of the GGCC-recognizing R/M system MthTl from 
M. thermoformicicum THF, which to the best of our knowl­
edge is the first published archaeal R/M system analyzed at 
the nucleotide level. Characterization of the MthTl R/M 
system revealed new features with respect to its genomic 
location, similarity to other R/M systems, and thermostabil­
ity. The mthTIR and mthTIM genes appeared to be located 
on the 13.5-kb plasmid pFVl isolated from M. thermofor­
micicum THF (23). All plasmids isolated so far from meth-
anogenic bacteria are cryptic (4). Therefore, pFVl is the first 

plasmid in methanogens that codes for identified enzymatic 
activities. 

It was previously reported that the ngoPIIM gene could be 
cloned only in an mcrB E. coli host (37). This limitation was 
attributed to the fact that the ngoPIIM gene encoded an 
MTase that generates methylated DNA with the sequence 
GG""!CC which is a substrate for the mcrB endonuclease. 
Nevertheless, we could easily clone the MthTl system in E. 
coli JM83, which is described as mcrB proficient (47). Since 
we observed that plasmids carrying the mthTIM gene were 
only partially resistant to RJiaelll when propagated in E. 
coli JM83, limited expression of the mthTIM gene could be a 
simple explanation for the viability of this host. Alterna­
tively, it could be argued that MMthTl did not modify the 
target sequence to yield GGm,:CC but that either GGCmcC or 
GGhn,eChmeC (hwQ j , , hydroxymethylcytosine) was pro­
duced. However, these options are not very likely because 
R.Huein is capable of cutting GGCmeC (22) and DNA 
modified by MMthTl was resistant to cleavage by R.Haelll. 
In addition, hydroxymethylation of cytosine has not been 
described for type II MTases. 

Plasmid pURM4AM, which contains only the mthTIR 
gene, could be maintained in a modification-deficient £. coli 
strain. Similar results have been described for the cloned 
pstIR and taqlR genes (10, 34). Since we found partial 
activity of RMthTl at 37°C, E. coli must contain efficient 
mechanisms to prevent cleavage by RMthTl or to repair 
cleaved DNA. This protection appears not to be complete, 
since only low amounts of pURM4AM DNA could be 
isolated and appeared to be partially degraded. 

The thermophilic methanogens M. thermoformicicum and 
M. thermoautotrophicum are related species (40). It has 
been shown that M. thermoautotrophicum and other ther­
mophilic bacteria contain low levels of m5C (8). This has 
been explained by the fact that those organisms avoid 
production of m5C because high temperatures favor deami-
nation of m5C (m5C-»T), which would result in a point 
mutation (8). The presence of an m5C-MTase in M. thermo­
formicicum THF suggests the presence of a mechanism 
either to avoid deamination of m C or to repair mismatched 
DNA. 

Since M. thermoformicicum is a thermophilic organism, it 
was not unexpected to find that its MthTl system showed 
activity at 65°C, the optimal growth temperature of the host. 
In fact, we found that RMthTl is highly active even at 
temperatures up to 75°C (unpublished results). All other R/M 
systems encoding an m C-MTase have been isolated from 
mesophilic organisms (45). The observation that RMthTl 
and MMthTl enzymes extracted from E. coli could be 
assayed at high temperatures in standard buffer systems 
indicates that the thermostability of the MthTl enzymes is an 
intrinsic property. In the absence of a three-dimensional 
structure, comparison of primary sequences derived from 
homologous mesophilic and thermophilic proteins may give 
some indications as to the basis for thermostability. In 
general, thermostability of proteins can be attributed to an 
increased conformational stability. This may be realized by 
interactions between different parts of the protein, mediated 
by hydrophobic, electrostatic, or other interactions, that 
prevent dcnaturation at high temperatures (11). Notably, 
two kinds of differences which could contribute to such 
interactions were observed when the protein sequences of 
the MthTl system were compared with those of their meso­
philic counterparts (Fig. 5 and 6). Both RMthTl and 
MMthTl showed a shift of charged amino acid residues 
from the N-terminal to the C-terminal part of the protein 
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compared with the other enzymes, whereas the overall 
charge of the proteins remained the same. In addition, single 
amino acid substitutions in conserved regions of M MthTl 
tend to be less polar residues. 

The MMthTl enzyme shares extensive amino acid simi­
larity with the other GGCC-recognizing monospecific 
MTases M.NgoPll and M.Haelll in conserved regions that 
are expected to be involved in substrate binding and recog­
nition of the target sequence (19, 26) and methyl group 
transfer (6). This finding supports the conclusions drawn 
from analyses of several other R/M systems that the 
C-MTases seem to have evolved from a common origin (18). 
In contrast, ENases, even those with same sequence speci­
ficity, are usually different, indicating different evolutionary 
origins. The MthTl system is an exception, since RMthTl 
showed a high degree of similarity to R jygoPII isolated from 
N. gonorrhoeae. RMthTl and RJVgoPll are similar in size 
and are encoded by genes that have the same orientation 
with respect to the corresponding MTase gene. The same 
organization and homology to the NgoPll system was re­
ported for the isospeciflc R/M system FnuDl from Fusobac-
terium nucleatum D, but unfortunately its sequence has not 
been published (45). In contrast, the R.Haelll protein se­
quence did not show similarities to that of R-NgoPll and 
thus is probably also different from the RMthTl protein 
sequence, in accordance with the different organization of 
the Haelll R/M system (45). 

The high similarity at the protein and DNA levels and the 
identical organizations of the MthTl and NgoPll R/M sys­
tems strongly suggest that the entire systems have been 
derived from a common ancestor and disseminated via 
horizontal gene transfer. Since M. thermoformicicum be­
longs to the domain Archaea and N. gonorrhoeae belongs to 
the domain Bacteria, this conclusion implies that gene 
transfer had occurred between these evolutionarily different 
groups of prokaryotes (46). If so, it is reasonable to assume 
that the direction of transfer is from the thermophilic M. 
thermoformicicum to the mesophilic N. gonorrhoeae rather 
than vice versa, since the MthTl system is also active at low 
temperatures and would immediately confer a selective 
advantage when transferred to a mesophilic host. This is not 
to be expected when an R/M system from a mesophilic 
bacterium is introduced into a thermophilic organism. 
Among the possible avenues for gene transfer, transforma­
tion by DNA released into the environment is a likely one, 
especially since N. gonorrhoeae shows a natural compe­
tence for DNA uptake (5). Conjugation, however, cannot be 
excluded since it is known to play a significant role in gene 
transfer between distantly related organisms, including pro­
karyotes and eukaryotes (21). It is tempting to speculate that 
the plasmid location of the MthTl system in M. thermofor­
micicum THF has been involved in the presumed transfer. 

Comparison of the MthTl and NgoPll systems at the 
nucleotide level revealed that the high level of sequence 
identity did not extend beyond the coding regions of the 
ENase and MTase genes and could reflect the requirement 
for appropriate, host-specific expression signals, which are 
known to be very different between members of the Archaea 
and Bacteria (4). 
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ABSTRACT 

Two CTAG-recognizing restriction and modification 
(RIM) systems, designated Mf/iZI and MtfiFI, were 
identified in the thermophilic archaeon Methano­
bacterium thermoformicicum strains Z-245 and FTF, 
respectively. Further analysis revealed that the methyl-
transferase (MTase) genes are plasmid-located in both 
strains. The plasmid pFZ1 -encoded mthZIM gene of 
strain Z-245 was further characterized by subcloning 
and expression studies in Escherichia co//followed by 
nucleotide sequence analysis. The mthZIM gene is 
1065 bp in size and may code for a protein of 355 amino 
acids (Mr 42,476 Da). The deduced amino acid 
sequence of the M.MfhZI enzyme shares substantial 
similarity with four distinct regions from several m4C-
and m6A-MTases, and contains the TSPPY motif that 
is so far only found in m4C-MTases. Partially 
overlapping with the mthZIM gene and in reverse 
orientation, an additional ORF was identified with a size 
of 606 bp potentially coding for a protein of 202 amino 
acids (Mr 23.710 Da). This ORF is suggested to encode 
the corresponding endonuclease R.Mf/iZI. 

INTRODUCTION 

Restriction and modification (R/M) systems are widespread 
among prokaryotes (1) and have been identified in about 25% 
of the presently examined species (2). Their major function is 
proposed to be the protection from contamination by DNA of 
foreign origin, particularly derived from bacteriophage infection 
(3). The most common R/M systems are those of the type II, 
consisting of two enzymatic activities, an endodeoxyribonuclease 
(ENase) and a DNA-methyltransferase (MTase), which both 
recognize an identical short DNA sequence (2). Genetic 
characterization of type II R/M systems have shown that the 
ENase and MTase genes most often are closely linked (2, 4). 

Three types of MTases, forming different methylation 
products, can presently be distinguished: those generating 

5-methylcytosine (m5C), N4-methylcytosine (m4C), and 
N6-methyladenine (m6A) (2). Based on their amino acid 
similarities, those MTases can be grouped into two families, the 
m5C- on the one and the m4C- and m6A-producing MTases on 
the other hand (5-9). In contrast to the MTases, ENases usually 
do not share significant similarities on protein sequence level, 
except for some isoschizomeric enzymes (10—12). 

The thermophilic methanogen Methanobacterium 
thermoformicicum belongs to one of the three fundamentally 
different groups of living organisms, the domain Archaea. 
distinguished from the Bacteria and the Eucarya by various 
unique characteristics (13, 14). Several strains of the species 
M. thermoformicicum were found to harbor partially homologous 
plasmids (15). One of these plasmids, plasmid pFVl, carries the 
genes for the GGCC-specific MthTl R/M system of 
M.thermoformicicum strain THF (12). In the present report, we 
describe the identification of two CTAG-recognizing R/M 
systems, designated MthTX and Mf/iFI, in M. thermoformicicum 
strains Z-245 and FTF, respectively, and the characterization of 
the plasmid-encoded mthZIM gene. 

MATERIAL AND METHODS 
Bacterial strains, vectors, and growth conditions 
M. thermoformicicum strains Z-245 (DSM 3720), FTF (DSM 
3012), THF (DSM 3848), SF-4 (K. Yamamoto, Osaka City 
University, Japan), FF1 (15), FF3 (15) and CSM3 (16) were 
cultivated on H2/C02 as the sole carbon and energy source as 
described previously (15). Escherichia coli strains DH5a (Life 
Technologies) and HB101 (17) were used for subcloning and 
propagation, respectively, of derivatives of plasmids pUC18 and 
pUC19 (18). E.coli TGI (19) served as host strain for phages 
M13mp 18 and M13mp 19(18). The E. coli strains were routinely 
grown in L-broth (20) at 37°C. If appropriate, ampicillin (50 
ug/m\), isopropyl-/3-D-thiogalactopyranoside (1 mM), or 
5-brornc-4-chloro-3-indolyl-/3-D-galactoside (0.004%) was added 
to the culture medium. 

' To whom correspondence should be addressed 
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Figure 1. Restriction map and subclones of two adjacent Kpn\ fragments (6.1 kb) of plasmid pFZl. The orientation and location of the mlhZ/M gene (M) and ORF 
X are indicated. The in vivo ENase (R) and MTase (M) activity of the subclones are indicated on the right side; (Y) denote the location of the lacZ promoter of 
the vector part. 

DNA manipulations and sequence analysis 
Restriction endonuclease Mae\ was used as recommended by the 
supplier (Boehringer Mannheim, Germany). All other restriction 
enzymes, T4 DNA ligase and Klenow DNA fragment were 
purchased from Life Technologies Inc. (Gaithersburg, Md). 
DNA manipulations in E.coli were performed following 
established procedures (20). Total DNA was isolated from 
M.thermoformicicum as described previously (15). For nucleotide 
sequence determination, DNA fragments were isolated from 
agarose gels using a Geneclean kit as described by the supplier 
(Bio 101, La Jolla, Calif.) and subcloned into M13mpl8/I9. The 
nucleotide sequences of overlapping fragments of both strands 
were determined by the dideoxy chain termination method (21) 
with the Sequenase kit according to the recommendations of the 
supplier (United States Biochemical Corp. Cleveland, Ohio). 
[a-32P]dATP (110 TBq/mmol) was purchased from Amersham 
(UK). Computer analysis of the sequence data was done with 
the GCG package version 6.0 (22) and the CAOS/CAMM 
facilities at Nijmegen, The Netherlands. 

Mth/A plasmid constructions 
Plasmids pUZ5 and pUZ8 (Fig. 1) were derivatives of pUC 19 
which contain ATpnl-fragments of 2.1 kb and 3.7 kb, respectively, 
derived from plasmid pFZl from M.thermoformicicum strain 
Z-245 (15). Plasmid pUZ8ANsi (Fig. 1) was constructed by 
digestion of pUZ8 with Nsil followed by treatment for 30 min 
with Klenow DNA polymerase in the presence of all four dNTPs 
(2 mM each) to remove 3'-overhanging ends. After ligation the 
DNA was used to transform E.coli HB101 cells. The resulting 
frameshift mutation in plasmid pUZ8ANsi was confirmed by 
restriction and sequence analysis (data not shown). 

Several attempts failed to directly clone the 3.6 kb Sstl-Pstl 
fragment from plasmid pFZl (Fig. 1) into pUC18/!9. Therefore, 
a plasmid that carries this fragment containing the mthZIM gene 

and open reading frame X (ORF X) was constructed on the basis 
of cloned pFZl DNA. For this purpose, pUZ5 and a derivative 
of pUZ8, which contained the 3.7 kb Apnl-insert in opposite 
orientation relative to the pUC 19-located tocZ-promoter, were 
used. For some manipulations, sites present in the polylinker of 
the vector parts were employed. First, a 2.3 kb Sst\-Hind\\\ 
fragment of plasmid pUZ8 was cloned into pUC 18 digested with 
Sst\ and Hindlll to yield plasmid pUZ12 (Figure 1). A short 
fragment of the polylinker located at the 5'-site of the truncated 
ORF X was removed from plasmid pUZ12 by digestion with 
Smal and Pstl. Subsequently, a 1.2 kb Smal-Pstl fragment 
containing the 5'-part of the ORF X gene was isolated from 
plasmid pUZ5 and inserted into the digested pUZ12 resulting 
in plasmid pUZ15. Due to this cloning strategy, which was 
chosen to avoid a possible lethal effect of transforming E. coli 
with a plasmid carrying an intact ORF X, plasmid pUZ15 harbors 
an ORF X that contains a frameshift mutation caused by a 14 
bp Kpnl-Sma\-Kpn\ polylinker fragment. Digestion of plasmid 
pUZ15 with Kpnl removed the 14 bp fragment and religation 
restored wild-type sequence in the pFZl-derived insert DNA, 
resulting in plasmid pUZ17 (Figure 1). The integrity of the pFZl 
DNA at this location in pUZ17 was confirmed by sequence 
analysis (data not shown). 

Preparation of cell-free extracts 
Approximately 0.1 g frozen cells of M.thermoformicicum strain 
Z-245 or FTF were resuspended in 0.5 ml lysis buffer (0.1 M 
NaCl, 0.01 M EDTA, 0.01 M 0-mercaptoethanol and 0.05 M 
Tris-HCl pH 7.6) and disrupted by sonication. After 
centrifugation for 2 min at 15000xg, the supernatant, which 
contained about 3.5 to 5.0 ^g protein/^l, was collected, mixed 
with 1 vol glycerol and stored at -20°C before use. The extracts 
were found to be stable for at least 12 month without loss of 
the R/M activities. 

95 



Nucleic Acids Research, Vol. 20, No. 19 

Strain 

Z-245 
FTF 
THF 
FF1, FF3, 
CSM3, SF-4 

Plasmid 
(kb) 

pFZl (11.0) 
pFZ2 (11.0) 
pFVl (13.5) 

-

Recognition 
sequence of 
ENase activity 

CTAG 
CTAG 
GGCC 

-

Reference 

This work 
This work 
(12) 

This work 

Analysis of the MthZl and AftAFI ENase and MTase activities Table 1. Distribution of plasmid DNA and ENase activity in M.thermofbnmcicum 
The in vitro activities of the MthZl and MthFl systems were 
assayed essentially as described previously (12) with extracts 
prepared from M.thermoformicicum strains Z-245 and FTF. The 
buffer used under ENase conditions contained 0.1 M NaCl, 0.2 
M KC1, 0.01 M MgCl2, 0.001 M dithioerythritol and 0.05 M 
Tris-HCl pH 7.6. As methyl-group donor 0.8 mM S-
adenosylmethione (AdoMet) was used under MTase conditions. 
All assays were performed at 55°C. When specified, the ENase 
assays were deproteinized prior to agarose gel electrophoresis 
by incubation with proteinase K (0.1 mg/ml; Boehringer GmbH, 
Mannheim, Germany) in the presence of 0.5% sodium dodecyl 
sulfate for 15 min, followed by extraction with 
phenol/chloroform. Subsequently, the DNA was precipitated with 
ethanol and resuspended in ENase buffer. As substrate for the 
R/M enzymes, phage X DNA and plasmid pUZ3, consisting of 
a 6.5 kb Smal-fragment of plasmid pFZl from 
M.thermoformicicum strain Z-245 (15) cloned into pUC19, were 
used. 

Primer extension 
Primer extension was carried out as described previously (12). 
DNA from plasmid pUVl that consists of a completely 
sequenced, 7.4 kb Xhol-Sstl fragment of plasmid pFVl from 
M.thermoformicicum strain THF cloned into pUC19 (12, 16), 
was digested with R.MthZl or R.Mael and used a template for 
extension of a primer (5'-CTGTAGTTCAGGATC) that binds 
to position 375 to 361 of the insert of pUVl. 

RESULTS 
Identification of the MthZl and MthFl R/M systems 
Following the characterization of the plasmid-encoded restriction-
modification system MthTl from M. thermoformicicum strain THF 
(12) we also analyzed other thermophilic members of the genus 
Methanobacterium for the presence of ENase activity (Table 1). 
Extracts prepared from M. thermoformicicum strains Z-245 and 
FTF, incubated with phage X- or plasmid pUZ3 DNA under 
ENase conditions, were found to produce discrete DNA 
fragments indicating the presence of site-specific ENase activity 
(Figure 2A). Identical DNA patterns were derived from ENase 
activity of strains Z-245 and FTF, which was designated R.MthZl 
and R.MthFl, respectively. In addition, in vitro methylation 
assays showed that the cell-free extracts of both strains exhibit 
AdoMet-dependent MTase activity that generated at least partially 
modified pUZ3 DNA (Figure 2A, lanes 9-12). Since this DNA 
methylation affects the ENase activities of strain Z-245 and FTF, 
it follows that the DNA is modified by the corresponding MTases 
M.MthZl and M.MthFl, respectively. To verify the in vivo 
activity of both MTases, total DNA isolated from 
M.thermoformicicum strain Z-245 or FTF was incubated with 
extracts prepared from either strain. Figure 2B illustrates that 
DNA from strains Z-245 and FTF was resistant to digestion with 
R.MthZl (lanes 2, 3) but not with R.Kpnl which was used as 
a control (lanes 4 ,5). Similar results were observed using 
R.MthFl (data not shown). The resistance of DNA from strain 
Z-245 and FTF to digestion with ENase from either strain 
confirmed the in vivo activity of M.AftAZI and M.MthFl. In 
contrast, DNA isolated from strain THF, which carries the 
GGCC-recognizing MthTl system (12), was sensitive to R.MthZl 

(Figure 2B, lane 1). These results indicate that 
M.thermoformicicum strains Z-245 and FTF each harbor a R/M 
system, designated MthZl and MthFl, respectively, with identical 
sequence specificity. 

Sequence specificity of R.MthZl and R.AftAFI 
In order to determine the recognition sequence of R.MthZl and 
R.MthFl we compared the restriction patterns produced by these 
ENases with those produced by several commercially available 
ENases. We identified the CTAG-recognizing ENase R.Mael as 
an isoschizomer of R.MthZl and R.MthFl since it generates 
restriction patterns identical to that produced by the 
M. thermoformicicum enzymes using phage X- or plasmid pUZ3 
DNA as substrate (Figure 2A, lanes 2 - 4 and 6-8). For some 
of the restriction fragments generated by digestion with extracts 
from the M.thermoformicicum strains, slightly aberrant mobilities 
were observed if samples were not deproteinized before gel 
electrophoresis, i.e. large fragments show an increased and small 
fragments a decreased mobility (see Figure 2A, lanes 1 and 5 
for results with Z-245 extract). This most likely is due to 
components in the extracts with similar properties as the histone-
like DNA binding protein HMt from M.thermoautotrophicum 
strain AH (23). 

Since both R/M systems MthZl and MthFl recognize the same 
target sequence, MthZl from strain Z-245 was used for a more 
detailed analysis. The exact cleavage position of R.MthZl was 
determined by primer extension experiments. The extension 
products of R.AftAZI and R.Afael digested DNA had identical 
sizes (Figure 3). Considering that the 5'-overhanging ends 
generated by both ENases were filled up by Klenow DNA 
polymerase and therefore the 3'-nucleotide of the extension 
products represent the 5'-nucleotide of the cleavage sites, 
comparison of the extension products with the parallel run 
sequence ladder revealed that both ENases cleave the target 
sequence to yield CI TAG. 

Identification of the mthZIM gene 
M.thermoformicicum strain Z-245 and FTF harbor identical or 
nearly identical plasmids, pFZl and pFZ2, respectively, which 
are partially homologous to plasmid pFVl isolated from strain 
THF (15). Since the R/M system MthTl of strain THF is located 
on plasmid pFVl (12) and no ENase activity was detected in 
extracts prepared from other M.thermoformicicum strains that 
lack plasmid DNA (Table 1), we anticipated that the R/M system 
MthZl of strain Z-245 could be located on plasmid pFZl. To 
study this possibility, cloned plasmid pFZl DNA was tested for 
in vivo modification by incubation with Z-245 extract and 
subsequent analysis on agarose gel. All plasmids containing pFZl 
DNA were sensitive to R.AftAZI except one, pUZ8, which was 
only partially digested with R.MthZl despite the presence of 
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multiple R.MthZl sites in at least the vector part of pUZ8. The 
protection against digestion with R.MlhZl was even higher when 
E.coli HB101 was used to propagate plasmid pUZ8 (Figure 2B, 
lane 7). In addition, we tested pUZ8 DNA for sensitivity to 
R.Xbal since its target sequence TCTAGA includes the CTAG 
site recognized by R.MthZl. Sequence analysis (see below) 
showed that pUZ8 contains two R.Xbal restriction sites, one in 
the insert and one in the vector part. Plasmid pUZ8 was—in 
contrast to other plasmids tested—partially resistant to digestion 
with R.Xbal (Figure 2B, lane 11). In contrast, plasmid 
pUZ8ANsi, which contains a frameshift mutation, was found to 
be sensitive to digestion with both R.MthZl and R.Xbal 
(Figure 2B, lanes 8, 12). These results indicate that pUZ8 
encodes a MTase activity which modifies the R.MthZl and the 
R.Xbal recognition sites. Subcloning of pUZ8 DNA followed 
by R.MthZl digestion allowed the location of the mthZIM gene 
on a 2.3 kb Sstl-Kpnl fragment, contained in plasmid pUZ12 
(Figure 1). Although the in vivo modification of DNA containing 
the mthZIM gene clearly showed that this gene is functionally 
expressed in E.coli, no activity of M.MthZl was observed in in 
vitro assays performed as described earlier (12). 

Sequence analysis (see below) revealed that the insert of pUZ12 
contained, in close proximity to the mthZIM gene, part of an open 

A. 

S 9 1.0 11 12 .13 

reading frame (ORF X) which is a good candidate for the 
corresponding mthZIR gene. To exclude the possibility that the 
ENase gene is truncated in pUZ12 we constructed plasmid pUZ17 
that contain the mthZIM gene and the entire ORF X (Figure 1). 
However, neither in vitro using cell-free extracts nor in vivo in 
restriction assays using bacteriophage X, ENase activity was 
observed with Ecoli HB101 harboring either plasmid pUZ17 
or pUZ12 (data not shown). 

Nucleotide sequence of the mthZIM gene 
The complete nucleotide sequence of the 3561 bp Sstl-Pstl insert 
of plasmid pUZ17 has been determined. Analysis of the sequence 
revealed two large, converging and partially overlapping ORFs. 
The first ORF contains an ATG start codon at position 779 which 
is preceded by a potential ribosome binding site (RBS; position 
770 through 775), and a TAG stop codon at position 1844. It 
could code for a polypeptide of 355 amino acids (Mr 42,476 
Da). Since plasmids containing this ORF were resistant to 
digestion with R.MthZl but became sensitive to this ENase when 
a frameshift mutation was introduced (pUZ8ANsi), we conclude 
that it represents the mthZIM gene. The second ORF, designated 
ORF X, is located on the complementary strand and ranges from 
position 2488 to the termination codon TAA at position 1837. 

B 

s 1 8 9 10 11 12 13 14 s 

Figure 2. In vitro (A) and in vivo (B) activities of the MthZl and MthFl R/M systems. (A) Lanes 1-8, ENase assays using extracts prepared from strain Z-245 
(lanes 1, 5, not purified, lanes 2, 6, deproteinized), FTF (lanes 3, 7, deproteinized) and 5 Units R.Mael (lanes 4, 8) with phage X DNA (lanes 1 - 4 ) and pUZ3 
DNA (lanes 5 -8 ) as substrate; lanes 9 -12 , pUZ3 DNA incubated under MTase assay conditions with Z-245-extract (lanes 9, 11) and FTF-extract (lanes 10, 12), 
with (lanes 9, 10) and without AdoMet (lanes 11, 12) followed by digestion with R.MthZl (lanes 9, 11) and R.MthFl (lanes 10, 12). Lane 13, undigested plasmid 
pUZ3 DNA (1 /ig)- Lane s, size marker phage X DNA (0.7 /ig) digested with R.Hindlll. (B) Lanes 1-5, about 0.5 /tg total DNA isolated from M.thermoformicicum 
strain THF (lane 1), Z-245 (lanes 2, 4) and FTF (lanes 3, 5) incubated under ENase conditions with extract prepared from strain Z-245 (lanes 1 —3) and R.Kpnl 
(lanes 4, 5). Lanes 7 -14 , about 1.0/tg plasmid pUZ8 (lanes 7, 9, 11, 13) andpUZ8ANsi DNA (lanes 8, 10, 12, 14) incubated under ENase conditions with extract 
prepared from strain Z-245 (lanes 7, 8), R.Mael (lanes 9, 10), R.Xbal (lanes 11, 12), and R.Kpnl (lanes 13, 14). Lane 6, undigested plasmid pUZ8 DNA (1.0 
/*g). Lane s, size marker phage X DNA (0.7 fig) digested with R.Hindlll. 

97 



Nucleic Acids Research, Vol. 20, No. 19 

A potential start codon (GTG at position 2443) is preceded by 
a sequence that may serve as RBS (position 2454 through 2449). 
If the GTG is used, the ORF X encodes a protein of 202 amino 
acids with a calculated molecular mass of 23,710 Da. 

The regions flanking the mthZIM gene and ORF X were 
analyzed for archaeal transcription signals. Within an AT-rich 
250 bp region preceding the mthZIM gene, that contains several 
direct repeats, various DNA stretches with similarities to the 
essential TATA box of archaeal promoters could be identified 
(24, 25). Inspection of the upstream region of the ORF X revealed 
no obvious promoter-like sequences. Downstream of mthZIM and 
ORF X, a conserved archaeal transcription termination signal 
consisting of a T-rich stretch (26) was identified. 

Protein sequence comparisons 
The deduced amino acid sequence of the M.MthZl protein was 
compared to that of known sequences of other MTases. No 
significant homology was observed with MTases that produce 
m5C. M.MthZl shares, however, similarities with distinct 
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Figure 3. Primer extension analysis of the RMthTl cleavage-site. Plasmid pUVl 
DNA, digested with R.Mael (lane 1) and R.MthZl (lane 2), respectively, was 
used as template for extension of the primer. Arrows indicate the major extension 
product and its corresponding nucleotide derived from incubation with both ENases. 
A shorter extension product attributed to aspecific termination is also present. 
A DNA sequence ladder run in parallel is shown at the right. 

regions from several m4C- and m6A-MTases. The MTases 
showing the highest similarity with M.MthZl include M.BamH2 
(27), M.BamHl (9), M.Smal (28) and M.Qr9I (7), all of which 
were proven or assumed to be m4C-MTases, and two 
representatives of the m6A-MTase family, M.Hinfl (29) and 
M./ferl (30). Four blocks with conserved amino acid motifs, 
similar to those reported by Brooks et al. (1991), could be 
identified (Figure 4). The longest conserved segment, block D, 
contains the FXGXG-motif (motif DII in Figure 4; X = variable 
amino acid) common to almost all MTases (6-8). Block B 
contains the (S/D)PP(Y/F) motif which is present in all m6A-
and m4C-MTases (7, 9, 31). Block A is less conserved in 
M.MthZl but is, similar to other m6A- and nVC-MTases, 
located at the N-terminus and contains the characteristic DXXE 
motif. 

In addition to the conserved amino acid motifs identified by 
Brooks et al. (1991), the protein sequence comparison data 
revealed two other amino acid regions, which were found to be 
conserved in all m4C-MTases (7, 27, 28, 32), except for 
M.Mval (7), and in several m6A-MTases such as M.Hinfl (29; 
Figure 4). Both regions are flanking the FXGXG motif (DII). 
One region, DI, contains the motif (P/S)XX(UM)Y (Y = 
hydrophobic, non aromatic) and is located 22 amino acids N-
terminal from the sequence FXGXG, whereas motif Dili, 
RXX(I/V)(G/S)XEX,,(R/K), is located 11 amino acids C-
terminal from the FXGXG sequence. This latter motif contains 
three highly conserved charged residues. 

Comparison of the amino acid sequence deduced from ORF 
X revealed no significant homology with other protein sequences 
found in the data base. 

DISCUSSION 

This report describes the identification of two novel R/M systems 
with the same sequence specificity, MthZl and MthFl, from the 
archaeon M.thermoformicicum. In addition, the characterization 
of the first CTAG-recognizing methyltransferase, M.MthZl, is 
presented. Both MthZl and MthFl R/M systems are produced 
by two plasmid-harboring strains, Z-245 and FTF, respectively. 
Further analysis revealed that the mthZIM gene is located on the 
11 kb plasmid pFZl of strain Z-245 (15). Since the plasmids 
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Figure 4. Local amino acid sequence alignment of M.MthZl and other DNA methyltransferases. Amino acid sequences of four conserved regions (A-D) from 
M.MthZl, M.BamHl, M.BamHl, M.Smal, M./VwII and M.Hinfl are shown. Region D is subdivided into three conserved amino acid blocks (DI-DIII). Residues 
identical to those in M.MthZl are denoted by asterisks. Amino acid motifs mentioned in the text are blocked. Numbers at the end of each line indicate the position 
of the last amino acid in the region. 
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pFZl and pFZ2 of the strains Z-245 and FTF are highly similar 
(15), it is very likely that the M.MthFl enzyme is also encoded 
by plasmid pFZ2. Indeed, pFZ2 DNA showed strong 
hybridization with the mthZIM gene as probe (data not shown). 
In addition to the GGCC-specific, plasmid-located MthTl system 
of strain THF (12), the MthZl and MthFl systems represent 
another class of plasmid-encoded R/M systems in 
M.thermoformicicum. Since no ENase or MTase activity could 
be detected in other M. thermoformicicum isolates that appeared 
to be plasmid-free (Table 1), this would suggest that the 
occurrence of R/M systems in these methanogenic Archaea 
depends on the presence of extrachromosomal DNA elements. 

Extracts prepared from M.thermoformicicum strains Z-245 and 
FTF contained high ENase and low MTase activities. The cloned 
mthZIM gene could be functionally expressed in E. coli as shown 
by in vivo modification of vector DNA carrying the complete 
mthZIM gene. No activity was, however, detected in in vitro 
MTase assays using extracts prepared from different E. coli strains 
with the mthZIM gene in either orientation with respect to the 
lacZ promoter of the vector. Since the in vitro MTase conditions 
used worked adequately with extracts prepared from the 
methanogenic hosts, a low expression level of the mthZIM gene 
or instability of the M.MthZl protein in E.coli could explain the 
inability to detect in vitro activity. 

Comparison of the deduced amino acid sequence of the 
M.MthZl protein revealed four regions with significant similarity 
to m4C- and m6A-MTases but not to mSC-MTases (Figure 4). 
Sequence comparisons did not reveal motifs that would allow 
a clear discrimination between m4C- and m6A-MTases. 
However, the deduced protein sequence of M.MthZl contains 
the TSPPY motif which so far has only been found in m4C 
producing MTases (7, 28, 29, 32). 

The recognition sequence CTAG of MthZl and MthFl forms 
the core of the sequence TCTAGA, the target of the Xbal R/M 
system. We observed that DNA is protected to a similar extent 
against cleavage by either R.Xbal or R.MthZl when it is 
methylated by M.MthZl. If M.MthZl is a m^-MTase, it would 
modify the Xbal-site to yield T^CTAGA. Alternatively, if 
M.MthZl generates m6A, it would modify the Xfcal-site to yield 
TCr^ACA. Either modification pattern of the Xbal-site would 
be, in addition to the three already described (33, 34), a fourth 
one that prevent cleavage by R.Xbal. 

Partially overlapping with the mthZIM gene and in opposite 
orientation, another ORF, ORF X, was identified. Although we 
have no direct evidence, ORF X could well represent the 
corresponding mthZIR gene. In favour of this possibility are the 
findings that (i) ENase and MTase genes most often are closely 
linked (2), (ii) the size of the protein encoded by ORF X is similar 
to that of other ENases, (iii) the mthZIM gene and ORF X 
constitute a 1.9 kb module in plasmid pFZl that is absent in 
plasmid pFVl, which in turn contains at this location a unique 
fragment encoding the MthTl R/M system of strain THF (12, 
16), and (iv) no ENase activity was observed in other, closely 
related strains of M. thermoformicicum that lack plasmid DNA 
(Table 1). The failure of detecting the expected ENase activity 
in E.coli might be ascribed to a low expression level of ORF 
X because of its unusual start codon GTG (35). 

Among the large number of identified R/M systems (1) only 
four have previously been found to recognize the same sequence 
as MthZl and MthFl (1, 2, 36, 37) indicating that CTAG is a 
rarely occurring target. Two of those systems, Mael and Mjal, 
were identified in the methanogens Methanococcus aeolicus (36) 
and Methanococcus jannaschii (1). This suggest that, together 

with the here described MthZl and MthFl, R/M systems 
recognizing CTAG are more common in Archaea than in 
Bacteria. 
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CHAPTER 9 

Summary and concluding remarks 

The identification of the Archaea as a third primary lineage of life and their adaptation to 
extreme environmental conditions have generated considerable interest in the molecular 
biology of these organisms. Most progress in the investigation of archaeal mobile genetic 
elements, i.e. viruses, plasmids and insertion sequences, has been made in the halophilic 
branch while only limited knowledge was available about mobile elements of methanogens 
(reviewed in Chapter 1). The aim of this thesis was therefore to get more insight into the 
molecular genetics of mobile elements from methanogens. Thermophilic species of the genus 
Methanobacteriwn were used as model organisms in this study, since they are among the best 
characterized methanogens. 

Phylogenetic studies of the species M.thermoformicicum and strains of M.thermoauto-
trophicum are described in Chapter 2. The comparison of two variable 16S rRNA regions 
allowed the conclusions that (i) M.thermoformicicum consists of two groups of strains, the 
Z-245-group (including strains Z-245, FTF, THF, FF1, FF3 and CSM3) and the CB12-group 
(consisting of the strains CB12, SF-4, and HN4), which probably constitute different species, 
(ii) M.thermoautotrophicum AH is closely related to the Z-245-group, and (iii) M.thermo-
autotrophicum Marburg belongs to neither group and most likely represents a different 
species (Table 1). This classification of M.thermoformicicum and M.thermoautotrophicum 
strains obtained by comparative 16S rRNA analysis is in line with recently reported results 
derived from DNA-DNA hybridization studies (8). Both approaches are based on genotypic 
characters which generally are more reliable for the determination of phylogenetic 
relationships than classical phenotypic ones. Therefore, the proposed reclassification of the 
examined thermophilic Methanobacterium strains may reflect their phylogeny more accurately 
than the current classification. Moreover, some other characters of the examined 
methanogens including genetic fingerprints withySAA (Chapter 2 and 4), the sensitivity to 
phage $F1 (Chapter 3) and the distribution of FR-I (Chapter 6) provide additional evidence 
for the proposed new taxonomy of M.thermoformicicum and M.thermoautotrophicum (Table 
1). Another phylogenetically relevant aspect reported in Chapter 2 was the finding that the 
non-formate utilizers M.thermoautotrophicum AH and Marburg contain sequences similar to 
thefdhA andfdhB genes from M.formicicum. The presence of/a^AB-like sequences in strain 
AH and Marburg suggest that both M.thermoformicicum and M.thermoautotrophicum are 
descendants of a common formate-utilizing ancestor. 

It has recently been shown that M.thermoautotrophicum AH and Marburg differ clearly 
in their genome size (1.725 versus 1.623 kb, respectively) and the position of restriction sites 
in the chromosomal DNA for the endonucleases Notl, Pmel and Nhel (7). These findings are 
likely to reflect the limited homology of both M.thermoautotrophicum strains on the genomic 
level. Similarly, also strain AH and M.thermoformicicum THF have been found to differ 
considerably in genome size (1.725 versus 1.600 kb, respectively) and Notl restriction pattern 
(7). This would contradict the results obtained by DNA-DNA similarity studies and 
comparative 16S rRNA sequence analysis which indicate a close relationship of these two 
strains (Chapter 2). However, the results of the genomic analysis of strain THF have to be 
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interpreted with caution for two reasons. Firstly, the Afofl-site (5'-GCGGCCGC) comprises 
the target site of the GGCC-recognizing restriction-modification system MthTl harbored by 
strain THF (see Chapter 7). As the consequence, the methyltransferase of the MthTl system 
probably modifies the Mtfl-sites contained in DNA from strain THF to yield 5'-
GCGGmeCCGC which is resistant against cleavage by Notl (4). The reported two Notl 
restriction fragments of 1.350 and 250 kb generated from THF DNA (7) may therefore not 
reflect the real number of Wort-sites in the chromosome of strain THF. Secondly, the 
enormous size of the large Notl fragment probably does not allow an accurate determination 
of its size. 

Table 1. Classification of thermophilic Methanobacterium strains 

Organism 

M. thermoformicicum CB12 
SF-4 
HN4 
Z-245 
FTF 
THF 
FF1 
FF3 
CSM3 

M.thermoautotrophicum AH 
Marburg 

Plasmid 
(kb) 

— 
— 

pFZl (11.0) 
pFZ2 (11.0) 
pFVl (13.5) 

— 
_ 
— 

pME2001 (4.4) 

Homology with 
FR-I 

— 
— 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
— 

FR-n 

— 
+ 
— 
— 
+ 
— 
— 
+ 

— 
— 

Phage 
*F1 

— 
— 
+ 
+ 
— 
+ 
+ 
+ 

+ 
— 

sensitivity 
*F3 

— 
— 
— 
— 
— 
— 
+ 
— 

— 

Homology" 
group 

CB12 
CB12 
CB12 
Z-245 
Z-245 
Z-245 
Z-245 
Z-245 
Z-245 

Z-245b 

Marburgb 

• Based on DNA-DNA similarity, 16S rRNA signature and genetic fingerprint with fdhk. 
b Unique hybridization pattern obtained v/ithfdhA. 

Chapter 3 describes the characterization of the novel archaeal phages #F1 and <i>F3 that are 
able to infect several thermophilic strains of Methanobacterium (Table 1). Both phages differ 
with respect to their host range and the topology of their double-stranded DNA genomes. 
While phage $F1 has a broad host range and contains a linear, approximately 85-kb genome, 
$F3 was specific for M. thermoformicicum FF3 and contained a circular, approximately 36-kb 
genome. No similarity was found between the genomes of *F1 and *F3 nor between both 
phages and genomic DNA from different Methanobacterium strains or from phage ^Ml of 
M.thermoautotrophicum Marburg. 

The isolation and initial molecular analysis of three plasmids, pFVl (13.5 kb), pFZl (11.0 
kb) and pFZ2 (11.0 kb), harbored by M.thermoformicicum strains THF, Z-245 and FTF, 
respectively, is reported in Chapter 4. Using cloned pFZl DNA as hybridization probe, the 
plasmids were found to constitute a family of highly related elements. Whereas pFZl and 
pFZ2 are probably identical, only partial similarity was observed between pFZl and pFVl. 
Furthermore, genetic fingerprinting experiments using fdhk from M.formicicum as 
hybridization probe allowed a subdivision of the species M.thermoformicicum into the CB12-
group and the Z-245-group, comprising among others the plasmid-harboring strains Z-245, 
FTF and THF (Table 1). 
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The relatedness of the plasmid DNA was confirmed by sequence analysis of pFVl and pFZl 
(Chapter 5). Comparison of the primary sequence of pFVl (13513 bp; see also Appendix A) 
and pFZl (11014 bp; see also Appendix B) revealed a modular organization of the plasmid 
genomes: a backbone structure, conserved on the sequence level and in overall gene order, 
which is interspersed with plasmid-specific elements. The organization of the M.thermo-
formicicum plasmids resembles that of prokaryotic chromosomes both of which are subjected 
to DNA rearrangements, in particular insertions and/or deletions, thereby retaining a basic 
genome organization. The high sequence similarity and the comparable genetic maps suggest 
that pFVl and pFZl (and pFZ2) have originated from a common ancestor. If so, the plasmids 
probably share homologous functions necessary for plasmid replication and maintenance which 
should be located within regions with high interplasmid similarity, i.e. the plasmid backbone. 
Those essential functions may include two large palindromic regions and a putative gene 
encoding a NTP-binding protein which are contained within the conserved backbone structure. 
In contrast, the plasmid-specific sequence blocks probably represent accessory elements which 
do not specify essential plasmid functions. 

Both plasmids pFVl and pFZl harbor sequences with similarity to chromosomal DNA of 
different thermophilic methanogens (Chapter 6). One of those, named FR-I, represents an 
accessory element of pFVl with chromosomal counterparts in several M.thermoformicicum 
strains and M.thermoautotrophicum AH (Table 1). Comparison of the plasmid-derived and 
chromosomal FR-I elements revealed that FR-I has a size of 1.5 kb and exists in variants 
which differ in the organization of two subfragments. Remarkably, the corresponding 
subfragments of either FR-I element were identical on the nucleotide sequence level. Although 
FR-I lacks terminal inverted repeats, the presence of terminal direct repeats and its occurrence 
in multiple copies suggest that FR-I represents a new type of archaeal insertion sequences. A 
second element, termed FR-II, is part of both plasmids pFVl and pFZl, and the chromosome 
of M.thermoformicicum THF, CSM3 and HN4. Sequence analysis of the two plasmid- and one 
chromosome-derived FR-II elements showed that they are highly similar and may code for a 
protein with yet unknown function. In contrast to FR-I, FR-II is present in a single 
chromosomal copy and does not contain terminal repeats. Its presence in plasmid- and 
chromosomal DNA suggests, however, that FR-II is mobile or has been mobilized. 

Each plasmid contains an accessory element encoding components of a type IIR/M system: 
the GGCC-recognizing system MthTl carried by pFVl from strain THF (Chapter 7) and the 
CTAG-recognizing systems MthZl and MthVl located on pFZl and pFZ2 from strain Z-245 
and FTF, respectively (Chapter 8). These findings demonstrated for the first time plasmid-
encoded enzymatic activities for methanogens. The R/M systems MthTl and MthTl have been 
characterized in detail by their cloning and expression in Escherichia coli. Strikingly, both 
R/M modules are located within the same plasmid backbone region suggesting that this part 
of the plasmids has undergone substantial genomic rearrangements: either deletion or insertion 
of a single R/M module from an ancestral plasmid that contained both or none of the R/M 
cassettes. The presence of R/M cassettes would support the concept of a modular evolution, 
i.e., the mobilization of functional units within the same or between different replicons. 
Characterization of methanogenic R/M systems with the same specificity as the plasmid-located 
MthTl and MthTl systems may provide insight in the relationships of archaeal R/M systems 
and possible mechanisms of dissemination of R/M modules. 

Supporting evidence for a modular evolution is provided by the similarity between the two 
GGCC-recognizing R/M systems MthTl from M.thermoformicicum THF and NgoPll from 
Neisseria gonorrhoeae (Chapter 7). In contrast to other R/M systems with GGCC specificity, 
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MthTl and NgoPU comprise endonuclease- and methyltransferase genes which both were 
similar on the nucleotide and the deduced amino acid sequence level and exhibit an identical 
organization (Figure 1). These findings suggest that the MthTl and the NgoPIl systems are 
homologous and have been disseminated via horizontal gene transfer. If so, gene transmission 
would have occurred between members of the evolutionary different domains Archaea and 
Bacteria. 

R .. M 

~~" MthTl 

'///////?> NgoPIl 

M . _JR_ 

X> Haelll 

M 
" " " ^ BsuRI 

Figure 1. Gene organization of GGCC-recognizing restriction-modification systems. Homologous 
endonuclease (R) and methyltransferase (M) genes are indicated by similar shading. 

An interesting property of the MthTl system is the fact that it is present in a thermophilic 
organism. In contrast, all other known GGCC-recognizing, or, more general, m5C-producing 
R/M systems, have been isolated from mesophilic organisms. The absence of such R/M 
systems in thermophiles has been attributed to an accelerated deamination rate of m5C (m5C 
-* T) at high temperatures generating G-T mismatches in double-stranded DNA which, if not 
corrected, would result in point mutations (1) (Figure 2). The thermophilic M.thermo-
formicicum THF apparently contains a mechanism which either avoids deamination of m5C or 
is capable of G-T mismatch correction. The latter possibility seems to be realized in strain 
THF since the pFVl-located ORF10 has the capacity to code for a protein with significant 
similarity to E.coli DNA mismatch repair enzymes (Chapter 5; Figure 2). Similar to the 
organization of functionally related genes into operons, ORF10, mthTIM and mthTIR are 
located on the same pFVl module (Figure 2) and may form a functional unit that specifies 
components of a restriction-modification-repair (RMR) system. Additionally, a putative fourth 
gene, ORF9, is located on the RMR module (Figure 2). Although no function could be 
assigned to the deduced ORF9 product, a participation in the activity of the RMR system 
would be plausible. Besides a possible common regulation, the observed gene clustering may 
also be necessary to ensure survival of a potential thermophilic recipient which acquires the 
RMR module via lateral gene transfer. However, if the recipient is a mesophilic organism, the 
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DNA repair functions would probably be dispensable and may be lost after transfer. Assuming 
that a transfer of the entire RMR module has occurred from the thermophilic 
M.thermoformicicum THF to the mesophilic N.gonorrhoeae, this may explain why the 
similarity included the genes of the MthTI and NgoPII systems but did not extend beyond 
adjacent sequence regions. 

The major function of R/M systems is proposed to be the protection of the resident DNA 
from contamination by for instance phage DNA (Figure 2). The same function may be 
supposed for the discussed R/M systems from M.thermoformicicum. However, one would 
expect that R/M systems which generate thermostable modification products such as m4C and 
m6A would be more advantageous" for a thermophilic host than those that produce m5C, since 
deamination of the latter methylation product increases the chance on point mutations which 
have to be compensated by mismatch repair. Nevertheless, the m5C-generating MthTI R/M 
system obviously proved to be successful under thermophilic conditions since it is maintained 
by M.thermoformicicum THF. A possible explanation for the presence of the MthTI system 
in strain THF may be that the system provides another advantage to its host, in addition to 
restriction of incoming phage DNA by the MthTI endonuclease. As discussed in Chapter 5, 
deamination of m5C may serve as additional protection mechanism against phages that 
contained m5C-methylated genomes since, in contrast to the host, these phages are not be able 
to correct mismatches. 

mseammAism^ pFV1 

Host DNA 

GGCC 
CCGG 

<D 11 H i * Me 

° GGTC J T ^ GGCC 
CCGG 

^ 

Deamination CCGG 
GGCC 
CCGG o 

GGlCC 
CC TGG 

Replication 

GGTC 
CCAG 

Mutation Foreign DNA 
(Phage DNA) 

Figure 2. Schematic illustration of the proposed function of the restriction-modification-repair system 
harbored by plasmid pFVl from M.thermoformicicum THF. 
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Analysis of the abundance of the tetranucleotide sequences GGCC and CTAG, the targets 
of the MthTl and MthTA R/M systems, in DNA of thermophilic Methanobacterium strains 
revealed some interesting results. The sequence data used for analysis comprised 48.4 kb of 
chromosomal and plasmid DNA, the majority of which were obtained from the EMBL and 
GenBank data bases (Table 2). The tetranucleotide GGCC was found 228 times within 48.4 
kb, which statistically corresponds with 1 tetranucleotide per 212 bp. This value is almost 
equal to the expected random-frequency for a tetranucleotide which is 1 per 256 bp. In 
contrast, only 13 CTAG tetranucleotides were detected, corresponding with 1 per 
approximately 3700 bp. A similar low abundance of CTAG (1 per 2700 bp) has been reported 
for the E.coli genome (5). This finding clearly shows that the recognition sequence of the 
MthZl system, in contrast to that of the MthTl system, is rare in DNA from thermophilic 
Methanobacterium strains. However, a considerable different result was obtained from analysis 
of the plasmid DNA harbored by M.thermoformicicum. Compared to the values observed for 
the genomic DNA from thermophilic members of Methanobacterium, plasmid pFVl exhibits 
a lower frequency of GGCC (1 site per 610 bp; 22 GGCC-sites per pFVl genome) but shows 
a significantly higher abundance-of CTAG (1 per 670 bp; 20 CTAG-sites per pFVl genome) 

Table 2. Distribution of GGCC- and CTAG-sites in DNA of thermophilic Methanobacterium strains 

Gene or element 

sod 
purE 
rptTUVX 
hmtA 
mvhGDGA 
frhADGB 
trpABCDGE 
ileS 
mcrBGA 
pME2001c 

FR-I 
FR-II 

pFVlc 

pFZl" 

Organism 

M.thermoautotrophicum sp. 
M.thermoautotrophicum sp. 
M.thermoautotrophicum Winter 
M.thermoautotrophicum AH 
M.thermoautotrophicum AH 
M.thermoautotrophicum AH 
M.thermoautotrophicum Marburg 
M.thermoautotrophicum Marburg 
M.thermoautotrophicum Marburg 
M.thermoautotrophicum Marburg 
M.thermoformicicum CSM3 
M.thermoformicicum CSM3 

Total 

M.thermoformicicum THF 
M.thermoformicicum Z-245 

Size 
(kb) 

1.4 
1.4 
7.5 
1.1 
5.3 
3.9 
7.4 
4.2 
6.2 
4.4 
3.1 
2.7 

48.4 

13.5 
11.0 

Number of tetranucleotides 

Expectedb 

5 
5 
29 
4 
21 
15 
29 
16 
24 
17 
12 
11 

189 

53 
43 

Observed 

GGCC 

5 
4 
50 
4 
20 
19 
40 
28 
15 
18 
12 
13 

228 

22 
28 

CTAG 

0 
0 
1 
1 
1 
5 
1 
1 
3 
0 
0 
0 

13 

20 
6 

' Comprising coding regions and flanking sequences. 
b Random-frequency (on average 1 site per 256 bp). 
0 Complete nucleotide sequence 
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(Table 2). While pFZl contains an comparable number of GGCC-sites (28 per plasmid 
genome with a frequency of 1 per 390 bp), the CTAG-frequency is substantially lower in 
pFZl from strain Z-245 (1 per approximately 1800 bp; 6 per pFZl genome) (Table 2). 
These results are interpreted as follows: 

(i) The low abundance of CTAG in the DNA of thermophilic Methanobacterium strains 
and E.coli suggests that a similar mechanism is responsible for this bias. It has recently been 
reported that the underrepresentation of several tetranucleotides, including CTAG, in the 
genome of E.coli may be the result of selection against target sequences of the vsr gene 
product (3), an enzyme involved in G-T to G-C mismatch correction (2). Usually, those 
target sequences of the Vsr endonuclease are generated by deamination of m5C in the 
sequence CmeC(A/T)GG, the product of the dcm MTase. However, the vsr gene product 
displays a relative relaxed specificity since it also recognizes G-T mismatches in the sequence 
CT(A/T)G or T(A/T)GG where the underlined T is mismatched with G, and it does not 
require methylation of the unmutated strand (2). Consequently, T-G mismatches produced 
during recombination or DNA replication would, without determination which of both 
nucleotides is the incorrect one, sequence-specifically be corrected to C-G pairs. The 
tetranucleotide CTAG is one of the possible target sequences of the Vsr endonuclease and 
would be 'repaired' to CCAG, resulting in an elimination of CTAG-sites in time. A similar 
mechanism may be responsible for the low CTAG abundance in DNA of thermophilic 
members of Methanobacterium. 

(ii) Compared to the genomic DNA of thermophilic Methanobacterium strains, plasmid 
pFVl of strain THF showed a five-fold increased number of CTAG tetranucleotides. This 
significant difference may indicate that selection against CTAG is absent in strain THF. 
Alternatively, pFVl (and the related pFZl and pFZ2) does not originate from DNA of a 
thermophilic Methanobacterium strain. The relatively low GC content of pFVl (41.8%) 
compared to that of strain THF (49.6%) (8) would support the latter possibility. 

(iii) Although pFZl of strain Z-245 is highly related to pFVl, the abundance of the 
tetranucleotide CTAG is clearly lower in pFZl. Comparison of the nucleotide sequence of 
plasmid pFZl with the one from pFVl showed that in particular CTAG-sites located within 
putative coding regions were absent in pFZl. The lower frequency of CTAG-sites in pFZl 
correlates with the presence of the CTAG-recognizing MiHZX system that is encoded by 
pFZl. A possible explanation would be that the MTase M.MthZl provides only an 
incomplete protection against cleavage of the corresponding ENase which would result in 
selection against CTAG-sites. Another possibility may be that strain Z-245 contains a Vsr­
like activity. 

(iv) The presence of the GGCC-recognizing MthTl system encoded by pFVl seems to 
correlate with the underrepresentation of GGCC-sites in the pFVl genome. Comparison of 
the nucleotide sequences of pFVl and pFZl revealed that 15 GGCC-sites present in pFZl 
were changed in pFVl. Remarkably, ten of those changed GGCC-sites in pFVl displayed 
the sequence GGTC. The same base substitution would be generated by deamination of a 
single m5C nucleotides within the sequence GGmcCC followed by replication, i.e. without 
previous correction of the G-T mismatch. The observed preference for the replacement of 
GGCC by GGTC in pFVl suggests that most of the substitutions have been generated by this 
mechanism. It therefore seems likely that strain THF has a limited G-T mismatch repair 
capacity. If so, strain THF should be forced to reduce the number of GGCC-sites available 
for modification by the m5C-producing MTase M.MthTl in order to decrease the number of 
deamination events. 
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Most advances in physiological, biochemical and genetic analysis of Methanobacterium 
have been made on M.thermoautotrophicum strains AH and Marburg (for reviews see: 6, 9). 
The present thesis focused on M.thermoformicicum and reported a genetic analysis of 
plasmids, phages and insertion sequences identified in this species. Since the well-studied 
methanogen M.thermoautotrophicum AH turned out to be a non-formate utilizing relative of 
M.thermoformicicum, the here described mobile genetic elements may be instrumental in 
developing a cloning vector and a transformation system that would allow genetic engineering 
of strain AH. 
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Samenvatting 

De identificatie van de Archaea als een derde primaire levensvorm en hun adaptatie aan 
extreme omstandigheden hebben een aanzienlijke belangstelling gewekt voor de moleculaire 
biologie van deze organismen. De meeste vooruitgang in het onderzoek van archaeale 
mobiele genetische elementen, dat wil zeggen virussen, plasmiden en insertie elementen, is 
gemaakt binnen de groep van halofiele Archaea, maar er is weinig bekend over mobiele 
elementen in methanogenen (zie Hoofdstuk 1 voor een overzicht). Het doel van het in dit 
proefschrift beschreven onderzoek was om meer inzicht te verkrijgen in de moleculaire 
genetica van mobiele elementen in methanogenen. Als modelorganismen werd gekozen voor 
de thermofiele Methanobacterium soorten die tot de best bestudeerde methanogenen behoren. 

Fylogenetische studies van M.thermoformicicum en M.thermoautotrophicum staan 
beschreven in Hoofdstuk 2. Door de vergelijking van twee variable 16S rRNA gebieden was 
het mogelijk te concluderen dat (i) M.thermoformicicum uit twee groepen van stammen 
bestaat, de zogenaamde Z-245-groep en de CB12-groep die waarschijnlijk tot verschillende 
species behoren, (ii) M.thermoautotrophicum AH nauw verwant is met de Z-245-groep, en 
(iii) M.thermoautotrophicum Marburg bij geen van de twee groepen behoort en waarschijnlijk 
een aparte species vormt. De uit de 16S rRNA analyse bepaalde verwantschap tussen 
stammen van M.thermoformicicum en M.thermoautotrophicum kwam overeen met resultaten 
van DNA-DNA hybridisatie studies (Touzel et al. [1992], Int. J. Syst. Bacteriol. 42, 408-
411). Beide benaderingen zijn gebaseerd op genotypische eigenschappen die voor de bepaling 
van fylogenetische verwantschappen in het algemeen betrouwbaarder worden geacht dan 
fenotypische eigenschappen. De voorgestelde herindeling van de onderzochte thermofiele 
Methanobacterium stammen geeft daarom hun fylogenetische positie waarschijnlijk beter weer 
dan de indeling die tot nu toe gebruikt is. Een andere, fylogenetisch relevant aspect, 
gepresenteerd in Hoofdstuk 2, was de ontdekking dat de niet-formiaat gebruikers M.thermo­
autotrophicum AH en Marburg sequenties bevatten die overeenkomst vertoonden met defdhA 
eafdhB genen van M.formicicum. De aanwezigheid van dergelijke sequenties in de stammen 
AH en Marburg suggereert dat M.thermoformicicum en M.thermoautotrophicum afkomstig 
zijn van een gemeenschappelijke, formiaat-gebruikende voorouder. 

Hoofdstuk 3 beschrijft de karakterisatie van twee nieuwe archaeale virussen $F1 en $F3 
die in staat zijn verschillende thermofiele Methanobacterium stammen te infecteren. Beide 
fagen verschillen wat betreft hun gastheerspecificiteit en de topologie van hun dubbelstrengs 
DNA chromosomen. Terwijl $F1 een breed gastheerbereik heeft en een lineair, ongeveer 85-
kb genoom bezit, is #F3 specifiek voor M.thermoformicicum FF3 en bezit een circulair, 
ongeveer 36-kb genoom. Er bestaat geen overeenkomst tussen de genomen van $F1 en $F3, 
noch tussen het genomische DNA van verschillende Methanobacterium stammen of van ^M1, 
een faag van M.thermoautotrophicum Marburg. 

De isolatie en karakterisatie van drie plasmiden, pFVl (13,5 kb), pFZl (11,0 kb) en pFZ2 
(11,0 kb), van de M.thermoformicicum stammen THF, Z-245 en FTF staat beschreven in 
Hoofdstuk 4. Door middel van hybridisatie met radioaktief gemarkeerd pFZl DNA bleek dat 
deze plasmiden een familie van nauw verwante elementen vormen. Terwijl pFZl en pFZ2 
waarschijnlijk identiek zijn, wordt slechts een gedeeltelijke homologie gevonden tussen pFZl 
en pFVl. Daarnaast beschrijft dit hoofdstuk dat hybridisatie met het fdhk gen van 
M.formicicum gebruikt kan worden voor 'genetische vingerafdrukken' waardoor het mogelijk 
is om de species M.thermoformicicum in twee groepen te verdelen, de hierboven reeds 
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genoemde CB12-groep, met de stammen CB12 en SF-4, en de Z-245-groep met de plasmide-
bevattende stammen Z-245, FTF en THF en twee nieuwe isolaten FF1 en FF3. 

De verwantschap tussen de plasmide DNA's werd bevestigd door de bepaling van de 
basenvolgorde van pFVl (13513 bp) en pFZl (11014 bp) (Hoofdstuk 5). De vergelijking van 
deze sequenties liet zien dat de plasmiden pFVl en pFZl in modules zijn georganiseerd: een 
ruggegraat struktuur, die geconserveerd is op DNA-sequentie niveau, en unieke sequenties 
met daarin opgenomen plasmide-specifieke elementen. 

De organisatie van de M.thermoformicicum plasmiden is vergelijkbaar met die van 
bacteriele chromosomen waarin genetische herrangschikkingen optreden, in het bijzonder 
inserties en/of deleties, maar waarbij de basisstruktuur wordt bewaard. De grote 
overeenkomst in DNA volgorde en de vergelijkbare genetische organisatie doen vermoeden 
dat pFVl en pFZl (en pFZ2) van een gemeenschappelijk voorouder-plasmide afkomstig zijn. 
In dit geval zouden de plasmiden voor vergelijkbare funkties coderen die van belang zijn 
voor vermenigvuldiging en handhaving. Deze zouden door de sequenties in de geconser-
veerde ruggegraatstruktuur gecodeerd kunnen worden. Zulke essentiele plasmidefunkties 
zouden twee grote palindroom-sequenties kunnen omvatten, alsmede een gen, dat mogelijk 
voor een NTP-bindend eiwit codeert. Al deze sequenties maken deel uit van de ruggegraat­
struktuur die in de plasmiden wordt aangetroffen. In tegenstelling hiermee vertegenwoordigen 
de plasmide-specifieke sequenties juist additionele elementen die niet-essentiele plasmide­
funkties zouden kunnen specificeren. 

Beide plasmiden pFVl en pFZl bevatten sequenties die overeenkomst vertonen met het 
chromosomale DNA van verschillende thermofiele methanogenen (Hoofdstuk 6). Een van 
deze sequenties, FR-I, is een additioneel element van pFVl en heeft homologe tegenhangers 
in het chromosomale DNA van verschillende M.thermoformicicum stammen en M.thermo-
autotrophicum AH. Door vergelijking van de FR-I elementen afkomstig uit pFVl en chromo­
somale DNA, kon afgeleid worden dat FR-I een lengte heeft van 1.5 kb en in varianten voor-
komt die verschillen in de organisatie van twee subfragmenten. Opvallend was dat overeen-
komende subfragmenten van verschillende FR-I elementen volledig identieke nucleotide 
sequenties bezaten. De FR-I elementen bezitten terminale, direkt herhaalde sequenties en zijn 
in meerdere kopieen aanwezig. Deze eigenschappen suggereren dat FR-I een nieuw type 
archaeaal insertie element vertegenwoordigt. Een tweede element, FR-II, maakt deel uit van 
beide plasmiden pFVl en pFZl en werd aangetroffen in het chromosoom van M.thermo­
formicicum THF, CSM3 en HN4. Uit de DNA sequentie vergelijking van de FR-II 
elementen, waarvan er twee van plasmide DNA afkomstig waren en een uit het chromosoom, 
bleek dat de FR-II elementen sterk op elkaar leken en voor een eiwit met nog onbekende 
eigenschappen zouden kunnen coderen. In tegenstelling tot FR-I werd FR-II maar in een 
enkele chromosomale kopie gevonden en bezit het geen terminale herhaalde sequenties. 

Elk plasmide bevat een additioneel element dat voor componenten van een type II 
restrictie-modificatie (R/M) systeem codeert: het MthTI systeem van plasmide pFVl uit stam 
THF met de herkenningssequentie GGCC en de CTAG-herkennenden R/M systemen MthTI 
en MthFl die deel uitmaken van de plasmiden pFZl en pFZ2 van de stammen Z-245 en FTF. 
De gedetailleerde analyse van de systemen MthTI en Mthll wordt beschreven in res-
pectievelijk Hoofdstuk 7 en Hoofdstuk 8. Opmerkelijk is dat beide R/M modules in een 
vergelijkbare positie in de ruggegraatstruktuur van beide plasmiden gelokaliseerd zijn. Deze 
resultaten beschrijven voor het eerst een plasmide-gecodeerde functie in methanogenen. 

Tenslotte wordt in Hoofdstuk 9 een samenvatting gegeven van de onderzoeksresultaten en 
worden enkele aanvullende gegevens besproken. 
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Appendix A 

Complete nucleotide sequence of plasmid pFVl from M.thermoformicicum THF (EMBL 
accession number X68366). 
Numbering, open reading frames, insertions, inverted repeats (dashed arrows) and direct 
repeats (solid arrows) are according to Chapter 5. 

Xhol 
E L L V G T V R Y N L I D N R . V A S G V L D C R G N G P G G S A T K P E Q V N H 

1 CTCGAGAAGCACACCAGTGACGCGGTAATTGAGTATATCGTTGCGGACGGCACTGCCTACCAGGTCGCAACGTCCATTGCCAGGGCCCCCCGACGCGGTCTTGGGnCCTGAACATTGTG 120 

L E K H T S O A V I E Y I V A D G T A Y Q V A T S I A R A P R R G L G F L N I V 

L L N P F P G R L A L H Y N D H V L D I L S K G P V P I F E E V V K R P L R I H 

121 GAGAAGATTAGGGAAAGGGCCTCGGAGGGCAAGATGATAATTGTCATGGACGAGATCGATAAGACTCTTTCCAGGGACGGGGATAMCTCCTCTACCACCTnCTAGGGAGCCGAATGTG 240 

E K I R E R A S E G K M I I V M D E I D K T L S R D G D K L L Y H L S R E P N V 

A N H T K G V I Q G Y H I H D A V R P D Y G R K L W P S D T E G R V A G R L K L 

241 TGCATTGTGGGTCTnC(̂ CMGnGACCGTMTGGATATGATCGGCGACTCGGGGGTCATATCCTCGTnMGCCAAGGAGAATCAGTTTCGCCCCTTACAGCGCCCCGCAGCTTGAG 360 

C I V G L S N K L T V H O H I G O S G V I S S F K P R R I S F A P Y S A P Q L E 

L D Q V V P N L H R K V V T D Q F V V N H W Q T R R E R G L T V P V G P I G K V 

361 GAGATCCTGMCTACAGGGnGAGATGGCGTTTMCGACGGTGTCCTGGMGACGACGTTGTGCCACTGTGTGCGGCGCTCGCGGCCCAGCGTMCGGGGACGCCAGGTATGCCCTTGAC 480 

E I L N Y R V E H A F N D G V L E D D V V P L C A A L A A Q R K G D A R Y A L O 

E E A K R R I N R Y P L K L T N Y T L R V D P H R S I L N L N I K D P T T D L L 

481 CTCCTCAGCnTGCGGCGGATATTGCGATAAGGCAGCnAAGGGTGnGTAAGTGAGTCTGACGTCAGGATGGCGACTGATGAGGnGAGGnGAGTTTATCAGGCGTAGTATCGAGCAG 600 

L L S F A A D I A I R Q L K G V V S E S D V R M A T D E V E V E F I R R S I E Q 

Q P V I L L D E Q I G D H G G M P T G G S L Y I P L V V L H G L L L K P A V G K 

601 TTGAGGGACMTCAGMGATCCTCCTGTATGCCGTCATGACCTCCCATGGGGGTACCCCCACTGAGATATATAGGAAGTACMCMGATGACCGAGGAGCAGnTGGGGGCAACGCCCT̂  720 

L R D N Q K I L L Y A V M T S H G G T P T E I Y R K Y N K M T E E Q F G G N A L 

R L P P K G L E Q P F K F E . V T K N F N L N D T P T T P P P N V P M 0RF8 

721 ACGCAGAGGAGGCTTTCCCAGCTCCTGAGGGAACTTGAACTCTACGGTCTTGTTGAAATTGAGGTTGTCGGTAGGGGTCGTGGGAGGGGGGnAACTGGCATGTTGTTCCnCGTCCTCT 840 

T Q R R L S Q L L R E L E L Y G L V E I E V V G R G R G R G V N W H V V P S S S 

(Insert element D 1n pFZl) » 
841 ATTGACCCTGAACTCATGCTTGAGGCCATAAGGAGGTCCCTCTGAGACTACTTGGGGGCAACTTTCTCTGGGTTTAAGTTGATTGACCnATACTTGATGGGTACrrTAACnACCCTn 960 

I D P E L M L E A I R R S l * 

961 TACTAnAACTmCmMTGGGGGTATCTAGGGCTTGTCCTGTMTCTTCCTGAGTO^ 1080 

IR1 IR2 

1081 CTAGTrTGGTAATGTCCTATGGGTCGGCTAAGCGATTTCCGCCCrrTCGGGTCGCTCGCTTCGCTCGCTCGGAAATCGCCGCCGACCAGGGGGGCTACCACCCCCCACCCCCCGCCCCAC 1200 

IR3 
1201 TTTAGGTMCCCATACCTCMCnGTGATTTTGTGAATnACCCCnCACTCCGCCCCGACACTCTTATATAGACGCCAGCnCGTCAGTACCTCGTAnATACGAAGTAACGCTCGCTT 1320 

IR4 
1321 CGCTCGCTCTCGCNCGCTCGTACTTCGTATMTACTMGAGGTATGACGMGCTGGCGTGAATTATTTNGAGTGTCTGGGCTCCGTGAAGGGGTGAACGAACACCACATAAGTGGAGT 1440 

1441 TCATTGTMNAAGNGTAACTAACCMATMGGATAATATMGATAGGTGTCTARAGGG 1560 

ORF2 M N S G N L F F G W A D E S S Q N 

1561 CAAGGGGAGATATCGGGCTANGGMTGGTMGCCACCCGGCCGAGMGAAAGTAAACTTGMGGAGATATAW 1680 

K G R Y R A I G M V S H P A E F E S K L E G D I N N I L D Y V F D E S G L K R R 

1681 AGAGNAAAATGGAATAAAATAGACATANCCGGTGTAGGGCATATGAGAGGATTGTAGACTACTTTTTAGAGCACACTGGTCTTGGCAATCCACCATNCGTGTGGATATCTTACGGTG 1800 

E L K W N K I D I F R C R A Y E R I V D Y F L E H T G L G N P P F R V D I I . R U 

1801 GGACATTGMGACAGCCGTCATAGTATACMGGGCGGGATGATAACOWWCNGCAGAGGATGTACTATCATCTCTTNCAMTGTGATNCTMGCGTTGGCCTTCTGGAGAT^^ 1920 

D I E D S R H S I Q G R D D N Q N L Q R M Y Y H L F S N V I S K R W P S G D W C 

1921 CTTTTNCCTGAIW^CGGGNCAGTCGANGGGGGGAANGGCGTCCNNTGGATCTTGGCGGTTCAAAAGTAGACCTAMTGMCGGTNAATATACGAAGTANAATGAAGNGA 2040 

F F P O K T G S V D U G E L A S F L D L G G S K V D L N E R F N I R S I N E V D 

2041 NCCMGGATMTGTACTAGNCAGGTGGCTGATTTMCGCGGGACTCAGTGM 2160 

S K D N V L V Q V A D F F A G L S V F S K E K L G I Y V D W K F E K R G Q Q R L 
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2161 AGnCCTGTAGAAAAAAnGACCTCTCCAWAAGGATAGGAGGCGTTTTAAAATTCTnCTTATTTCGAAGAGGGGTGTGAAMGTTAAAGATCGGGGTAGTTCTTGATAGAAGTAMGG 2280 

V P V E K I D I S K K D R R R F K I L S Y F E E G C E K L K I G V V I D R S K G 

2281 CTTGTGGAMCCTAATCCTGCTMCAGTATAAAnTTTGGCATTATGAACCTCAGAGTGATGCCGACAAAGCACCTACAAGGTAACCTCAAATAGTTGTTTTAACTTGTTCTTTGGGGTG 2400 

L W T P N P A N S I N F W H Y E P Q S D A D K A P T R * 

—- 1R5 - -

2401 AGGGAnCACCCTCCCCCAAAACCCCCCACCCGAAGGTCCCGGCGCTCGCTCCGCTCGCTTGGGTCACCGCACCAATCTTCCGTTACTCGCTCCAGCGGCTGTGCGGAAATTCTCGCCCT 2520 

IR6 

2521 CCGGGTCGTTCGCTTCGCTCACTCTCGMnTCCTAAAACAGCCGCTTTCGCTGCGTTACTCAGATTGGGCGGGAAAAACCAGTGAATGAGATCGGCGGGCGTTCTCGTGGGAGGACCCG 2640 

2641 TCTAC«TGTTCCAAAAMTAAMTCMTATATAnGACGGCTGCAACCAnACAACCAAAACCTGCCGACCCAMTCCTAnTnCAATGTTTTACAGTATATTTTGCCTGCTTTTTCT 2760 

Element A (FR- I ) • 

2761 AATATAAAGGTTTMTGACCTGTnMTGCATTTnCAGGTTTTTAGMTGTGAAATTATGGTGGCTGTCTTCGGTTGTMCCACCCTAGGAAATTTCTCTnACAGGTnCCCGCATCT 2880 

2881 TACAGGGAnAACCATAnnGnCTAAATCATmCAATATCATCAGAAATAT^ 3000 

3001 TAGATTTTTCCATCAAACGCTTGATATCCTGATGTATAGCTTCTAATTTCATTCGGGCATCATAGAATTCAGGATTATCCATTTTATTTAGATTTTCCATAAATTATTTTATTGATTTAG 3120 

3121 ATAGTATTAAAGGTTTCTnCTTGACCTTnAAGTCATATTTGTGTATAAAACTGTACTTAGTACATTTTAATGACGGnTAGTATATATTTCTAATAAACAATAGTTATATTTGAAATT 3240 

3241 AAAAACTTMTGGAGATGTGAAMTGGGAGnAAAGMGATAnCGTGGACAMTTATAGGAGCATTAGCAGGAGCCGATTTCCCAATAAATTCACCAGMGAACTAATGGCAGCGCTTC 3360 

3361 CAMCGGTCCAGATACTACnGTAAATCTGGAGATGTAGMTTAAAAGCATCTGATGCTGGACMGTACTTACTGCTGATGATTTTCCATnAAAAGTGCTGAAGAAGTTGCAGATACTA 3480 

3481 TAGTGMCAAAGCAGGAnATAAGCOWWTCGACnCCTACmnCnTCTTTTCTTTTTTAAGGATAAnAATTATTATCTTATAATAGGTTTTAATGGAGAAATTAAAATGGATAA 3600 

3601 GCCCMTAGTAAAGAAAATAAGCATAAGTCCCGnGTACTGMTGTCCGTCATATAATGMTGTATGTGCGnTGGnAGATTATnTGCTGGAAAAATAGMTAATTTGCAGTAATATT 3720 

3721 AAGTCCTACTGCmCACTACAGAnAMTAnAAACMTCAATMTTTTCAATTGAnn^ 3840 

3841 GATTATrrmCAAATATTTTnAAAATTACTGAGCAnATGAGTAGAn 3960 

3961 TmGTATGTGGAAAAGTAAATTACCACCACGMGCCCTGfAAGTTCTGAMG^ 4080 

4081 GGnCMGMCACTCnAACCATMnTCnCAGGMTAGMGATATCTCAGTTTTATCCTCTTTATTATTGTCATATATrTGTAGAGAGCCAAnAGATnATTTGCTTATCAAATAGT 4200 

4201 GAGTCTACTTCCnAAAACAMTATCACAmATCAAMGGAGCACTTna 4320 

. Element A (FR-I ) 

4321 nAGMTOTmGTAGAMTCCGnAAATTnMTATGAAAAAAnAAATMTATW^^ 4440 

0RF3 M 

4441 AACTTGAGGCAGAAAGnAnGAAACCCTAGAAGAAGGGAAAAGTGnGCGAnAAGTACCAGGATGTAAGGGATTACCTCGACCTGAAAACGGGTCATAGGGnATATTCCTTGAACAC 4560 

N L R Q K V I E T L E E G K S V A I K Y Q D V R D Y L D L K T G H R V I F L E H 

4561 GnAACCCTGCAAAGGAGACAGCTGCTGAAATATTGGCTGACCnGGCAACCTTGCAAAAAGCACTATATACAGCAAGTACACAACGAATGAGATTGTCAGGGACATCAAGAAGAGGTCG 4680 

V N P A K E T A A E I L A D L G N L A K S T I Y S K Y T T N E I V R D I K K R S 

4681 AAGMCAGAMTGTCCTCCTAGTGTTf̂ TGACTTrCAGnGCTnCTAAGAACACTGCAAGGGTTCTTTTGGATCTCATGGAAGATGTCCAAGTTCTTTGTAGTATCCGGGGCAGACCC 4800 

K N R N V L L V F N D F Q L L S K N T A R V L L D I M E D V Q V L C S I R G R P 

4801 CAGMGGGTCAGGGGCGTnGCnMGAGMTGACCATCCTAAGCGATAGGTCTGACGAGGTCACTGATATTAAGATACCCCTCATAGTCTTTGCGAGCnTATAGCAATATTAACCTTT 4920 

Q K G Q G R I L K R M T I L S D R S D E V T D I K I P L I V F A S F I A I L T F 

4921 GTTAAGGCGGGCTCGACCATCTATAACAGGAACCACTTCGACTTTTACCTGnTTCTGCGGCAATTTTTGTTGGCATATCTGTGGGGAGGACTCTTTTATGGATnCTTAAGTTCAGGCA 5040 

V K A G S T I Y N R N H F D F Y L F S A A I F V G I S V G R T I L H I S * 

5041 GGTACCTCCTGTnATAnCTGGGTCCnATGGGCnCGGCGCGGCTTATTACATTTTCTGGCTTTACGCCGTAGGTTATCAATAGGTCGGGGGGTCGTGGTAATTTTGAAATGGTATAC 5160 

0RF4 M V Y 

5161 TCACGCCCTATmCTGTCmGTGGCGATATTCmGGnATCTCnGMCGM^ 5280 

S R P I F C L C G D I L U L S L E R R A F T I L F Y V D N S F V C S S G L C R K 

5281 GGCGGCGTTAACGAGCACAAMSGCMCnCACAATGTmCACCnGATACCCmGTOTCTTGTACn^ 5400 

G G V N E H K R Q L H N V F T L I P F V L I Y F F Y D V T T G A A M L S G V S S 

5401 CATATTnGCnGATTnATGACGCCMCGGGCTGCCCCTTTTmACCCGATnACAGGGGGCGTTATAGGGTCAAnGGAGGCATMGGGTAGCGGTCCCAGGGAAAA^ 5520 

H I L L D F H T P T G C P F F Y P I Y R G R Y R V N W R H K G S G P R E K R A L 

5521 ACAACTATAGGTAnCnGCAGCGATTCTACTACnGTCATCTATGCGCCGTCCCCATTTGCGCCGACTTCGGCAATTTCCCAGTGGAAGGGnCTGGCAGCGGGGTCAATAACACGTCA 5640 

T T I G I L A A I L L L V I Y A P S P F A P T S A I S Q W K G S G S G V N N T S 

FR-I I » 

5641 AACMCGGGACGGACATAAATGT6MTmMCnaGAGGCAACGGTGACACCTGGATTC^ 5760 

N N G T D I N V N F N F R G N G D T W I H P Y P N G S I F I D C V G D S N S R V 

5761 TACAGGTATAGGGCTAGCAGCAGGGGAGGTCAAGGTAAGTACCTGAAATTGGATTCTMCACCACCGAAAACAAAACCACGMGCAAMTGAGACGGGGGGATGACTCTGGCAAGGCGGA 5880 

Y R Y R A S S R G G Q G K Y L K L O S M T T E N K T T K Q N E T G G * 

5881 GCCCTGCTmGAGMGGTCTGCAGTmATAGAGMGTCTGAGAGGnCTGTACTGACAAGA^ 6000 

6001 TCAGCTATATCGAGTCAAMTCAAAAAGTGAACTnCGAGGGAGGCTATTMGnATTTATAGACATATATGAATCTAAAMTGGCAAMTAATAMTAAGGTGAnGAA^ 6120 

6121 MTGAnAnMCCmATTTmMTmAACnCnGGGCCCAAMnATGTATW^ 6240 

0RF5O H R N G 
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6241 ACAnAST6Cn«»6CSCTCCTGACACTCTnGTCCnGCAGGnCATCATCCGCGGCGGATGTCGGCAnGMCnGACAAGAACATSAGTGATGGGAGCCCGATAAAGCCGACCTA^ 6360 

T I V L A A L L T L F V L A G S S S A A D V G I E L D K N M S D G S P I K P T Y 

6361 MnCGACGAHAAMTCAMGCCATAGTGMGGCCTGGMCCTGGACGnM^ 6480 

N S T I K I K A I V K A W N L D V Q N A T A R V Q I P E G L V V Q D Y Y M S Q G 

6481 TACMTGACacGAAAMGGTACCTGGGAGATO 6600 

Y Y D L E T G T W E I G D I P A Y E E R S L T F I C L L N R T G S V T V N A N V 

6601 ACAGCGGACGGA&ATGATAACAGTGCAAACMCMTGCAGAGTTAACCnCAAGGTAnCGGTATATCAGACCnGAGGTTAACGTCACAGGCAATAAAGAGACTGCMGMTCGGCGAC 6720 

T A O G D D K S A N N N A E L T F K V F G I S D L E V N V T G N K E T A R I G O 

6721 ACAGTGAGGATAACTGTTAAACTTAAAAACAGGGGCCCCCATGATGCGMTAATATC^ 6840 

T V R I T V K L K N R G P H D A N N I K I G N F L S G G I V V Q N F S Y D A G Y 

»-
6841 TTTGATGACATCACCAGGGAGTGGATCTTTGAAACCCnGCAGCAGGTGAGGAGGCCAAATO^̂  6960 

F D D I T R E W I F E T L A A G E E A K S K P * 

ORF5b V K A U N L D V Q N A T A R V Q 

6961 TTCCTGAGGGCCTCGTGGTGCAGGACTACTACATGAGCCAGGGATACTATGACCTCG^ 7080 

T P E G L V V Q D Y Y M S Q G Y Y D L E T G T W E I G D I P A Y E E R S L T F I 

7081 GCCTGCTGMCAGGACTGGCAGCGTTACTGTGAACGCCMTGTGACAGCGMCGGAGATM^̂  7200 

C L L N R T G S V T V N A N V T A D G D D N S A N N N A E L T F K V F G I S O L 

7201 AGGTTAACGTCACAGGCMTAAAGAGACTGCMGMTCGGCGACACAGTGAGGATMCTGnAAACn^ 7320 

E V N V T G N K E T A R I G D T V R I T V K L K N R G P H D A N N I K I G N F L 

; k 
7321 CAGGGGGTCTTGnGTGCAGAATnCAGCTATGATGCGGGCTACnTGATGACATCACCAGGGAGTGGATCnTGAAACCCTTGCAGCAGGTGAGGAGGCCACCCTCACACTTGAnGCC 7440 

S G G L V V Q N F S Y 0 A G Y F D D I T R E W 1 F E T L A A G E E A T L T L D C 

7441 TGGTTAACAGGACGGGTGAGCTCTCAGACTATGTTTCAGTGCGTGAGGTCGATGAGGGCGATGTGAATGTCTACAATAACATGGCCCATGCATCAGnGCTGnAAGGGAACTGACCTAG 7560 

I V N R T G E L S D Y V S V R E V D E G D V N V Y N N M A H A S V A V K G T D L 

7561 ACCTTGACCTCTCTGTGAGTAAACTGAGGGCATATCAGGGTGACGTGGTCMTGTGGTCTGrâ  7680 

D L D I S V S K L R A Y Q G D V V N V V C R V R N N G P E T A Q N A R V N L Q L 

7681 CGGGTMCCTGCAGGTCCAGCATGTGCAGCTGGACAGGGGCACCTACAGTMCGGTGTCTGGGTCATCGGT̂ ^ 7800 

P G N L Q V Q H V Q L D R G T Y S N G V W V I G D L A D N E T A L L N I T A R V 

7801 TGTCAGCGGGTAACTTCACACTGAACGCCACTGCGGTnCACCTGCAATCGACGACAGCMCCCCGTGAACMCGACGATACAGCGCGGATATCTGTAGCAATACCAAAAAAGACCCTCA 7920 

M S A G N F T L N A T A V S P A I O D S N P V N N D D T A R I S V A I P K K T L 

7921 AGGTGAGGATAMGAACAACTCCGCAGTGACGATCAGGGTCCTCTTATATGTGACCGTCAATGATCATGGTAAAATAACMGGAAGACCTACMCTTCTACCTGAAGMGGGCCTCAGCA 8040 

K V R I K N N S A V T I K V L L Y V T V N D H G K I T R K T Y N F Y L K K G L S 

8041 GGGACCTCAGCCTTGGATACTTCCAGCTGGGCACCACCGCACTCTTCAAGCAGTACACATACAACACCAACTACAGGTCAAGGACAGTATCCTATGAGAACACCTACAATGCCACCAGCG 8160 

R O L S L G Y F Q I G T T A L F K Q Y T Y N T N Y R S R T V S Y E N T Y N A T S 

8161 TCATAACCCAGAGGGTCMCGTGTCTGGGGTCAAAGGAAGGCAGAAGGCACCTGTTGTTAGAATTGCAACACTGnGCTTGATGAAAACGGCACATCACTACAATAAATCTACMTA 8280 

V I T Q R V N V S G V K G R Q K A P V V R I A T L L L D E N G T S L Q * 

8281 TTTTMTTTTTTTAAGGTGTGGATATTGGTAGGAAGGAMCTCTCCAAGCAAATCTATGAGGCGATAGTTGTGATGAGGCAGATAGCTGAAATGAGGAAGGAGGTCTCGCAGCATGGCn 8400 

0RF6 M R Q I A E M R K E V S Q H G F 

8401 TGATGTCAGGATGATGGAAGTCCCTGGCATGAAGGTTGCTATCGCAGGTGATGGGGAAGTCAACTACCTTTTCATGTTACTCCCCTTTAGGGACAAGTTTAAACTAAAAAAGCGAGATGT 8520 

D V R M M E V P G M K V A I A G D G E V N Y L F M L L P F R D K F K L K K R O V 

8521 CTGGTTGTTCAAAAAACTTTCCTATAAATTCAAGGCAAGACCTTTCCTAGTAACTTTTGACMGATGTTATCnTCTACCCACTACACGCCCnGAAGAAGGTGGCGAACACTTTGAACT 8640 

W L F K K L S Y K F K A R P F L V T F D K M L S F Y P L H A L E E G G E H F E L 

- FR-II 
8641 CGATATAAGGAAnCAAGGGGGCTGATGTTnCTTTTGATACCATTGTGTCAGAGCAGTTGCAGCAACGGCTTGnGTGTAGCCACCAAATGCCACAGCAGGTAACCCTAGCGGGTGnT 8760 

D I R N S R G L M F S F D T I V S E Q L Q Q R L V V * 

8761 CCCTGATTTTTnATTTTGTTTATTTGTTCAATTCGTAACCTGCAAAAGCCATGTGMCMCACCAGGTCCCCACCTTCAAAMTAGTTAAAATnTCAATGAATGGTCTTTTTTGTTTT 8880 

Element B • 

8881 ATTGTGTTAMTnGGTTTTTTGGGATTTCAGCACACTATTCTTTATGCAACGCTATAACGMGGAATTGAAACCnACGTCTTTATTTGGGTTnCATnGGGTnGCCCCAACCCTAT 9000 

• Element B 

9001 CTGGTCTCAGGGGTAATGAAAGTACTGGCAGGGTCACCATAGGGACTGTAACCTATCCACTAATCCACTAATATAATGTTAATAGAATACTGTAATCTACAGTAGAATATTATAATCTGA 9120 

9121 AAGTATAAAAAAGTATTAACAAATATATTGCCAMTATATATTGTAGACTGC^ 9240 

0RF7 M E H I E S K V K C Y R R K Y K R K 
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9241 GGAAGGAATACACTACCACCCAGTACGTCATCAACnAAGGAAGGAAGGGGnGAATCCCAGGGCTTCAAGTGCGACGMGACGTAATCATAACCCATAAATCTACATTCGAATCCCTAA 9360 

G K E Y T T T Q Y V I N L R K E G V E S Q G F K C D E D V I I T H K S T F E S L 

9361 TAGACATGMGMGGACCATGMGCCMTCnAAAGAGAAAGAGTCACTGCAGAAAAATCTMGTGMCTTCMGTAGAGTTCMCAMCTAAAAAACGAGTATAAGCACGTTAAAGCCC 9480 

I O M K K D H E A N L K E K E S L Q K N L S E L Q V E F N K L K N E Y K H V K A 

9481 TGCTGGACAAAAAGGAAAGGGAAGTCMCCACCTTGAAAATGAGGTCAGAAGGCTGCAGMCATGGGTCTATTTGAGATAATCCTAMCAMCTGCGAAAAAAGMGGCAATAGAAGGAG 9600 

L L D K K E R E V N H L E N E V R R L Q N M G L F E I I L N K L R K K K A I E G 

Element C • * T S C K E Y Y S C L K S M G C K E C K P K R P A C I I A 

9601 AAGTTGAAGAGGGGGnAMTAGACCCCAAGCCCTCAAGTACTACACTTCTCATAGTAGCTACAGAGTTTGCTCATCCCACATTTCTCACACTTTGGCTTTCTTGGGGCACATATGATTG 9720 

L V E E G V K * 

S F D M L G L N F D R C K G G P V L T E A L E W L A K H N Y N L N E Y S G G F Y 

9721 CGGAAAAGTCCATTAAACCAAGGTTAMGTCCCTGCACnTCCGCCAGGTACAAGGGTCTCCGCAAGnCCCACAGGGCCnGTGGnGTAGnCAGGTTTTCATAGCTTCCCCCAAAGT 9840 

R N I V R V F N A D V M A A K K G F A L C M V A A C T Y K G V G P L D L I A K R 

9841 ACCTGTTMTMCTCTCACAAMrTTGCATCGACCATAGCGGCTn'TTTGCCAMTGCCAMCACATMCTGCAGCACAAGTGTATnGCCAACTCCTGGTAGATCTAAAATTGCCTTCC 9960 

N R P V R G G Y D N I V V R A L E K L Q E A R Q N S L G I E K I D K A I E S K P 

9961 TATTTCGGGGCACTCTGCCCCCATMTCATTTATGACGACCCTTGCCAGTTCTTTTAGCTGTTCTGCCCnTGGTTAGAGAGTCCGATTTCTTTTATGTCTTTGGCGATTTCTGATTTTG 10080 

T K L I D E F C K Y K V F F K D Y I K K V H G A T T R R l l I E T I L I V Y P D 

10081 GCGTnTTAATATATCCTCAAAGCACTTGTACTTAACAAAAAACTTGTCATATATCTTTTTAACATGCCCCGCAGnGTCCTGCGAAGTAGGAnTCCGnATTAAAATTACATAGGGGT 10200 

R T H R W P F D R R D T N W F T L I T S V F V K R K K N S A D D L 0RF10 
* G I I D L G V H 

10201 CCCTCGTATGCCTCCMGGAMGTCGCGCCTATCTGTAnCCAAMCGTAAGTATGGTGCTMCGMGACTrTCCTTTTTTTATTAGTAGCATCATCCAATTAAATCCAGCCCCACATGT 10320 

K L F L K K K A G L E K S V R N Y C D E L L D F L R V E G R W L N E V T N L G I 

10321 TTTAAAAATMTTTCTTTTTAGCCCCTMTTCCnAGAAACCCTAnATAGCAATCTTCTAATAAATCAAATAACCTAACTTCACCCCTCCAAAGATnTCAACTGTAnCAAACCTATA 10440 

A D V V D R L V T L S V F L O G L F S Y P G Y I E E P F H D L P S V S Y G L A A 

10441 GCATCMCMCATCCCnAAMCAGTTAAAGATACAAAAAGGTCTCCTAAAAAACTATAGGGTCCATAMTCTCCTCTGGAMCATATCCMCGGCGAAACAGAATMCCAAGTGCAGCG 10560 

A V K l . R D V E E I S E S R L L E A L L F L I E P L Y D V C D E Y E G R Y Q S L 

10561 GCAACTTTAAGCCTATCAACTTCTTCCAAACTnCAGACCnAGAAGnCTGCTAAAAGAAATAATATCTCAGGTAGGTAGTCAACGCAGTCCTCATATTCACCCCGATATTGGCTCAAA 10680 

D E E F L R C I N G A R R I K V V M 0RF9 

10681 TCTTCTTCAMGAGTCTACAMTATTCCCTGCCCGCCTMTTnMCCACCATAGTTnAnTTTTTTMTATCTAACTATCATAGTTTATTTCAGAACAGTCTAAAAATTCTAATAGAT 10800 

10801 GTCATTGAGATGAGGGGGTAAATAACATGTCAAATTTATTGCAAGCTATCATGAATATAAAAAGTATTCAAGAAAGAAACTTGGGATCATATAAGGGTGTCCAAGACTCCAAAAATAGAA 10920 

MthTIR M S N L L Q A I M N I K S I Q E R N L G S Y K G V Q D S K N R 

10921 TGAACCAGATGGGAGnACATTAGAGGTTTTCCTAAAAGATGCTTTCTGCAATACATTTGATATAGAAAACAMGACCnGTGTACAGTGAATACTTTTCTTACCTTGGAAATCAAAATA 11040 

M N Q M G V T L E V F L K D A F C N T F D I E N K O L V Y S E Y F S Y L G N Q N 

11041 ACCCCCCCGACATGATCCTGAAGGGGGGTGACGCAGTTGAAGTCAAGAAGATAACTGGAATAAAAACnCGAnCAACnAACAGTTCATACCCCAAGTCAAAGCTCnTGTTTCTGACA 11160 

N P P D M I L K G G D A V E V K K I T G I K T S I Q L N S S Y P K S K L F V S D 

11161 GCAGMTMCAGAGGCnGCMGMCTGTGMGATTGGGAGGTTAAAGACATAATATATGCCATAGGGACW^ 11280 

S R I T E A C K N C E D W E V K O I I Y A I G T I P N R V L K L M F F V Y G O C 

11281 ACGCGGCAAGCCCnCTATCTACCAGAGMTTGTTGAAGAAGTAAAGGGGGGTCTACATAGTACTGGCCTAGAATTTAGTGAMCAAACGAGCTAGGTAGAATTAACAGGGTAGACCCCC 11400 

Y A A S P S I Y Q R I V E E V K G G L H S T G L E F S E T N E L G R I N R V D P 

11401 TGGGAATTACAGACCTMGGGTACGTGGTATGTGGATCATCAMCACCCCATAAMGTGTnAAAMCATAATCCCCCCAGAATCMTTAAAAATAATAACTTTAAnTAATTGCCCTGA 11520 

I G I T D L R V R G M W I I K H P I K V F K N I I P P E S I K N N N F N L I A L 

11521 TGAMGCAGAGMGTATAAACAATTTCCAAAAAAAGATAGGAAAAGMTTGAGGCAGMGATMTATC^^ 11640 

M K A E K Y K Q F P K K D R K R I E A E O N I E V T D V K I K D P D N P A K L l 

11641 ATAGCGTTCTTGTGAGGTATGATGAAATATGAATATGGACATAGCGTCAnTTTTTCGGGTGCTGGAGGTCTCGACTTAGGGTnACAAAAGCAGGTTTTAATATTGTCTTTGCTAACGA 11760 

D 5 V L V R Y D E I * 

WthTIH M N M D I A S F F S G A G G L D L G F T K A G F N I V F A N D 

11761 CMTTGGAMGGGTGCTGGAAMCTTTCGAAAAAMCCACGGAATAAAMTAMTAAAAMCCCATTGMTGGTTAAMCCCTCAGAMTACCTGACGTGGTTGGTnCATAG^ 11880 

N U K G C W K T F E K N K G I K I N K K P I E U L K P S E I P D V V G F I G G P 

11881 CCCATGCCAGAGCTGGAGCCTGGCAGGTTCAATGTGCGGGGCAGACGACCCCCGTGGTAAAACATTTTATGCATACGTGGAnTAGTCAAAGAAAAAGATCCCCTATTTTTCTTGGCAGA 12000 

P C Q S W S L A G S M C G A D D P R G K T F Y A Y V D L V K E K D P L F F L A E 

12001 AMCGTGCCAGGGATAGTTTCMGAACACACCTCCCTGAAnCAAMGACnGTAAACTCATTCATAGACATAGGGTACAAGGTAGAATATAAGGTGCTCAACGCAAAGGACTACGGCGT 12120 

N V P G I V S R T H L P E F K R L V N S F I D I G Y N V E Y K V L N A K D Y G V 
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12121 GCCACMGACAGAAAMGGGTCTnATCGTCGGGTACCGTGAGGACn/W^CCTAAMTnGAGTTTCCTAMCCTn/WCAAGAAAGTGACCCTGAGGGACGCTATTGGTGACCnCC 12240 

P Q D R K R V F I V G Y R E O L N L K F E F P K P L N K K V T L R D A I G O I P 

12241 TSMCCCAAGCCCGCGCTTGAAAAAAACAGGTCAAATGGGGAAAACTTGGAAGTGCCAMCCACGAATACATGACAGGGACATTTTCMGCAGGTATATGTCAAGGMCAGGGTMGGAG 12360 

E P K P A L E K N R S N G E N L E V P N H E Y M T G T F S S R Y M S R N R V R S 

12361 TTGGGATGAAGTTTCATTTACMnCMGCGGGGGGGCGCCATGCCCCATGCCACCCACAGGCTMTAAMTGATAAAGGTGGGACCTGACMGTTCATATTTGATCCAGAAAGTCC 12480 

W D E V S F T I Q A G G R H A P C H P Q A N K M I K V G P D K F I F D P E S P K 

12481 ACCCTACCGCAGGnATCCGTCCGCGAATGCGCTAGGATACAAGGTTTTCCTGATGACTnATATTCTAnATAAAAACGnGCAGACGGTTATACTATGGnGGTAACGCTGTTCCTGT 12600 

P Y R R L S V R E C A R I Q G F P D D F I F Y Y K N V A D G Y T M V G N A V P V 

« Element C 

12601 GAAATTAGCAGAAGMCTAGCAAAAAAGATAAAAAMGATTTAGAGGGCGTTTTGAAnAGAATTAGATTTGTGnATTTTTTTAAGGTCACAGAGAGTAMTTGCGAGTTGTAACCAGG 12720 

K I A E E L A K K I K K D L E G V L N * 

» - » • * • 

12721 AACMTACCTCTTTTMGGTCCTCTTTTAAGGTCACAGAGAGTAAATTGCGAGTTGTAACCAGGAACAATACCTCTTTTAAGGTCACAGAGAGTAAATTGCGAGTTGTAACCAGGAACAA 12840 

12841 TACCTCAMTTTTTTTCATGAGTMTTTTmCATGAGCCMCTAGCCATCMGC 12960 

12961 AMTCAMCCTTTCATATATAAAAMTTnCAAGGTnTnACATGGCGAMTACMGAAGTGTTGAACAGAAAGATTTGCCTGCnTTGCTACAAGGTGTCCCTGTTACAATGTCTCTG 13080 

13081 nACMGTGnACMGTAGAMTTaCTCTCTGTTTCCCAAGCAATGGGnGTrrTTTGnACAAGTAGAAATTCACTCTCTCTGTCCCACCGTGGGCCCATGTGCTTATATAGAAATTT 13200 

• M Y F H P K S N Y L Q I A P L Q L H K L L S R 

13201 GGTATTMTTCTTnCMTTAGAMTATATATACMTMGMGnATGAnACATATAGAMTGAGGTTTCGMTTGTAMGTTGTATTGCGGGGAGCTGCAGATGTTTGAGMGAM^^ 13320 

0RF1 H F E K R P 

S K E F V P I D E A R E K H R V G Q L V S L F L H T S D A L V Q P V D E V A G G 

13321 TAGACTnTCAAAAACAGGGATGTCCTCAGCCCGCTCTTTGTGCCTGACACCCTGCAGGACAGAAAGGAAGAGGTGGGTGCTATCAGCCAGTACTTGGGGTACATCCTCGACGGCGCCAC 13440 

R L F K N R D V L S P L F V P D T L Q D R K E E V G A I S Q Y L G Y I L D G A T 

W G V Q Q N Y P G W S R P L S O R R L I H D V F 

13441 CCCACCCCACCTGnGATTGTAGGGCCCCCAGGATCTGGGAAGACTGTCACGACGAAGTATGTGATCAACGAA 13513 

P P H L L I V G P P G S G K T V T T K Y V I N E 
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Appendix B 

Complete nucleotide sequence of plasmid pFZl fromM.thermoformicicum Z-245 (EMBL 
accession number X68367). 
Numbering, open reading frames, insertions, inverted repeats (dashed arrows) and direct 
repeats (solid arrows) are according to Chapter 5. 

Xhol 

E L L V G T V R N N L V D N R V A G G V L D C R G N G P G G S S T K P E Q V N H 

1 CTCGAGAAGCACACCAGTGACGCGGTGATTGAGTACATCGTTGCGGACGGCACCGCCTACCAGGTCGCAACGTCCATTGCCAGGGCCCCCCGACGAGGTCTTGGGnCCTGAACATTGTG 120 

L E K H T S D A V I E Y I V A D G T A Y Q V A T S I A R A P R R G L G F L N I V 

I L N P F P G R I S L H D D Y H V L D I L G K G P V P I L E E V V K G P I R I H 

121 GAGMGATTAGGGAMGGGCCTCGGAGGGAAAGATGATimGTAATGGACGAGATCGATAAGACCm 240 

E K I R E R A S E G K M I I V M D E I D K T I S R D G D K L L Y H L S R E P N V 

A N Y A K G V L K R D H V H D A V R T N Y G R K L W P P D T E G R V A G R L K L 
241 TGCATTGTAGGCCnTCCAACAAGCnACGGTCATGGAaTGATCGGCGACTCGGGTGTTATATCCTCGTnMGCCAAGGAGGATCAGTTTCGCCCCTTACAGCGCCCCGCAGCnGAG 360 

C I V G L S N K L T V M D M I G D S G V I S S F K P R R I S F A P Y S A P Q L E 

L D Q V V P N L H R K V V T D Q F V I N H W Q A R R E R G L T I P V G P I G K V 

361 GAGATCCTGAACTACAGGGTTGAGATGGCG1TTAACGACGGTGTCCTGGAAGACGATGTTGTGCCACTGTGCGCGGCGCTCGCGGCCCAGCGTAATGGGGACGCCAGGTATGCCCTTGAC 480 

E I L N Y R V E M A F N D G V L E O O V V P I C A A L A A Q R N G D A R Y A L D 

E E A E R R I N R Y P L K L T N O T L R I H P H R S I L N L H L K D P T T N L L 

481 CTCCTCAGCnCGCGGCGGATATTGCGATAAGGCAGCTTAAGGGTGTTGTCAGTGAGTCTGATGTGAGGATGGCGACTGATGAGGTTGAGGnGAGTTTATCAGGCGTAGTATTGAGCAG 600 

L L S F A A D I A I R Q L K G V V S E S O V R N A T D E V E V E F I R R S I E q 

Q P V V L L D E Q V G O H G G L P T G G S L Y I P L V V L H G L L I K P A V G E 

601 nGAGGGACMCOGMGATCCTCCTGTACGCCGTCATGACCTCCa^^ 720 

L R O N Q K I L L Y A V M T S Q G G T P T E I Y R K Y N K M A E E Q F G G N A L 

R L P P K G L E Q P F K F E I A K D L N L N O A P A T P P P N V R M 0RF8' 

721 ACGCAGAGGAGGCnTCCCAGCTCCTGAGGGAACnGAACTCTATGGCCTTGTCGAGATTGAGGTTGTCGGCAGGGGCCGTGGGAGGGGGGnAACTGGCATGnGTTCCnCTTCCTCT 840 

T Q R R L S Q I L R E I E L Y G L V E I E V V G R G R G R G V N W H V V P S S S 

Element D • 

841 AnGACCCTGACCTMTGCnGAGGCCATAAGGAGGTCCCTCTGAGGCTM^ 960 

I 0 P 0 L M L E A I R R S L * 

961 TTAGTTGGCTAAGCAGATTCTGAAGGGCTGCGCACCGCCATTTTTCGCTTAnTGCCAGCGCAGTTCTATATAACTTATATAGGATGACTGnACAGTATCTTTACCTAAGGGTGTTGTT 1080 

1081 AGGGGTGTTTTGATGGMTnAGACGCCATTnACTACAAAAGAGTGGnGATAnACAGGCTTCGCCTATTTGGGnGGTTTTTTGGTGGCTGCTGCTGACGGCCATGCAGATCCTAAA 1200 

0RF11 M E F R R H F T T K E W L I L Q A S P I W V G F L V A A A D G H A D P K 

1201 GAAATTGATGAGMTTTMGGWGACTAnAGGGCGGf̂ CTnnCGACGGGATTTACCAMGMGTTTTTGAGGACCATGTCTACATGCACCTGMTGATGACGATG^^ 1320 

E I O E N L R Q T I R A A T F S T G F T K E V F E D H V Y M H L N D D D A L S A 

1321 GTAGTAGAMCTnAGACCCCnAGAGGGAnAAAGGCGGTTTCTATTCTTTTGGGGAAGATACCAGCTTCAGAAGCCGAAAATnCAAAGATACATTACGTAATATGGCnTTAAAAn 1440 

V V E T L D P L E G L K A V S I L L G K I P A S E A E N F K D T L R N M A F K I 

« Element D 

1441 GCCCTTGmCTGATGGMTCGATAA/MC6M6MGCAGCTATCAAGTTGATTGACC™ 1560 

A L V S D G I D K N E E A A I K L I D L I L O G Q F N L P F Y Y * 

1561 TGAGGGmGCCCCGTAATCnCCTGMGTGCAGCAnGTCTTn^GACMmm 1680 

IR1' IR2'« 
1681 TAAGCGAmCCGCCCmCGGGTCGCTCGCnCGCTCGCTCGGAMTCGCCGCCGACCAGGGG 1800 

IR4' 
1801 TTnGTGCAnTACCCCnCACTCCACCCCGACACTCnATATAGACGCCAGCTTCGTCAGTACCTCGTATTATACGAAGTAACGCTCGCnCGCTCGCTCTCGCTTCGCTCGTACnCG 1920 

1921 TATAATACTAAGAGGTATGACGAAGCTGGCGTGAATTATTTTGAGTGTCTGGGCTCCGTGMGGGGTGAACGAACACCACATACGTGGAGTTCATTGTAAGTATAACTAACAGTTCTTTA 2040 

2041 GTTATCATnAmATAnAAMGATGnATAAGATAAGTGTCTATTAGGGGTTGTTAAMTGMTTCAAGTMGCTTTTTnTGGCTGGACAGATGMTCCAGCCAGAACM 2160 

0RF2' M N S S K L F F G W T D E S S Q K K G R 
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2161 TATCGGGCTATCGGAATGGTAAGCCATCCGGCTGAGTTTGGAAGTGAACTTGMGGAGATATAAATAGTATACTTGACTCGGTCGTTGATGAATCTGGTTTAAAAAGMGAGAGTTGAAA 2280 

Y R A I G M V S H P A E F G S E L E G D I N S I L D S V V D E S G L K R R E L K 

2281 TGGAATAAAATAGACATATTCCGGTGTAGAGCATATGAGAAGATTGTAGACTACTTTTTAGAACTCAGTAACCTTGGTAATCCACCAGTTCGTGTGGATATCTTACGGTGGGACATTGAA 2400 

W N K I D I F R C R A Y E K I V D Y F L E L S N L G N P P V R V D I I R W D I E 

2401 GACAGCCGTCACAGTATACAAGGGCGGGATGATAACCAAAACCTGCAGAGGATGTACTATCATCTATTTTCCAATGTGATTTCTAAGCGTTGGCCTTCTGGAGATTGGTGCTTTTTCCCT 2520 

D S R H S I Q G R D D N Q N I Q R M Y Y H L F S N V I S K R W P S G D W C F F P 

2521 GATGAAACAGGTTCAGTAGATTGGGAGGAAGTGGCGTTCTTCTTGGATATTGGTGGTTCAAAGGTAGACCTAAAGGAACAGTTTAATATACTAAGTATTAATGAAGTTGATTCCAAGGAT 2640 

D E T G S V D W E E V A F F L D I G G S K V D L K E Q F N I L S I N E V D S K D 

2641 MTGTACTAGTTCMGTGGCTGACTTTTTCGCGGGACTCAGTGTTTTTTCTAAGGAGAAGTTTGGGCTTTATGTAGACTGGAACTACGAAGAATGTGGACAGCAAAGATTAGTTCCTGTA 2760 

N V L V Q V A D F F A G L S V F S K E K F G L Y V D W N Y E E C G Q Q R L V P V 

2761 GAAMCGTTGAGTTCTCCAAAAAGGATAGGMGCGTTTTGAAATTCTnCTTATTTCAACAAGAGGTGCAAAGAGTTAAAGATGGGGGTAAGTCTTGATACAAGTGAAGGCTTGTGGACA 2880 

E N V E F S K K D R K R F E I L S Y F N K R C K E L K M G V S L D T S E G L W T 

IR5' 

2881 CCTAAACCTGCTAACAGTATAMTTTCTGGCATTATGAACCCCAGAGTGATGCCGACAMGCACCTATAAGGTAACCTCAAATAGTTGTTTTTAACTTGTTCTTTGGGGTGAGGGATTCA 3000 

P K P A N S I N F W H Y E P Q S O A D K A P I R * 
. • IR6' 

3001 CCCTCCCCCCAAACCCCCCACCCGAAGGCCCCGGCGCTCGCTACGCTCGCTTGGGTCACCGCACCAATCTTCCGTTACTCGCTCCAGCGGCTGTGCGGAAATTCTCGCCCTTCGGGCCGT 3120 

3121 TCGCTTCGCTCACTCTCGAATTTCCTAAAACAGCCGCTTTCGCTGCGTTACTCAGATTGGGCGGGAAAMCCAGTGAATGAGATTGGCGGGCGTTCTCGTGGGGGCCCCGTCCACCCTGT 3240 

3241 TCCAAAAAATAAAATCMTATATATTGACGGCTGCMCCATTACMCCAAMCCTGCCGACCCAAAT^^^ 3360 

( I n s e r t i o n e lement A [ F R - I ] 1n pFV l ) »»»»»» 

3361 GTTTAATGACATGTnAATGCATTTTTCAGGTTTTTAGAATGTTAAATTATGGCGGCTGTCTTCGGTTGTAACCGCACCCCATGAGATTTTAATATGAAAAAAnAAATAATAnATTAT 3480 

0RF3' M K K L N N I I H 

3481 GATATTAATAATGCACAGGTACTTCTTACGGGTGATGAACTTGAGGCAGAAAGTTATTGAGGCCCTAGAAGMGGGAAGAGTGTTGCGATTAAGTACCAGGATGTAAGGGATTACCTCGA 3600 

I L I M H R Y F L R V M N L R Q K V I E A L E E G K S V A I K Y Q D V R D Y L D 

3601 CCTGAAAACAGGTCATAGGGnATAnCCnGAACACATTAACCCTGCAAAGGAGACCGCCGCTGAAATATTGGCTGACCTTGGCAACCTTGCAAAAAGCACTATATACAGCMGTATAC 3720 

L K T G H R V I F L E H I N P A K E T A A E I L A D L G N L A K S T I Y S K Y T 

3721 MCGMTGAGATTGTCAGGGACATCMGAAGAGGTCGAAGAACAGGAATGTCCTCCTGGTGTTCAATGACTTTCAGTTGCTTTCTAAGAACACTGCAAGGGTTCTTTTGGATCTCATGGA 3840 

T N E I V R D I K K R S K N R N V L I V F N D F Q L L S K N T A R V L L D L M E 

3841 AGATGTCCMGTTCTnGTAGTATCAGGGGCAGACCCCAGAAGGGTCAGGGGCGTTTGCTTAAGAGAATGACCATCCTAAGCGATAGGTCTGACGAGGTCACTGATATTAAGATACCCCT 3960 

D V Q V L C S I R G R P Q K G Q G R L I K R M T I L S D R S D E V T D I K I P L 

3961 CATAGTCTTTGCGAGCTTTATAGCMTATTAACCTTTGTTAAGGCGGGCTCGGCTATCTATAACAGGAACCACTTCGACTTTTACCTGTTTTCTGCGGCAATTTTTGTTGGCATATCTGT 4080 

I V F A S F I A I L T F V K A G S A I Y N R N H F O F Y L F S A A I F V G I S V 

4081 GGGGAGGACTCnTTATGGATnCTTAAGTTCAGGCAGGTGCCTCCTGTTTATCTTCTGGGTCGGCCTTCGGCGCGGCTTATTACATTTTCTGGCTTTACGCCGCAGGTTATCAGTAAGT 4200 

G R T L L W I S * 

4201 CGGTGGGGGTCGTGGTAATTTGAMTGGTATACGCACGCCCTATTTTCGGTCTTTGTGGCGGTATTCTTTGGTTATCTCCTGAACGCAGATCTTTCACCATACTnTTTATGTTGACAAT 4320 

ORF*1 M V Y A R P I F G L C G G I L W I S P E R R S F T I L F Y V O N 

4321 TCTTTCATCTGTAGTGGTCGACTnGCAGAAAAGGCGGCGTTMCGAGCACAAAAGGCAACTTCACAATGTTTTCACCCTGATACCCTTTGnCTCTTGTACCTCrrTTATGATGTGACC 4440 

S F I C S G R L C R K G G V N E H K R Q L H N V F T L I P F V L L Y L F Y D V T 

4441 ACAGGCGCCGCCATGTTGTCGGGCGTATCTTCCCATATTnGCnGATnCATGACTCCAACGGGCTGCCCCTTTTTrTACCCGAnTACMGGGGCGTTACAGGGTCGAnGGAGGCAT 4560 

T G A A M L S G V S S H I L L D F H T P T G C P F F Y P I Y K G R Y R V D W R H 

4561 AAGGGTAGTGGTCCCAGGGAAAAMGGGCGnMCMCTATAGGTAnCTTGCAGCGATTCTACTCCTTGTTATCTATGCGCCGTCCCCATTTGCGCCGACnCGGCGATTTCCCAGTGG 4680 

K G S G P R E K R A L T T I G I L A A I L L L V I Y A P S P F A P T S A I S Q W 

F R - I I • 

4681 AAGGGTTCTGGCAGCGGGGCCTCAMCMCAGGACGGACATAAATGTGAATTTTAACTTCAGAGGCAACGGTGACACCTGGATTCACCCTTACCCTAATGGCAGTATCTTCATTGACTAT 4800 

K G S G S G A S N N R T D I N V N F N F R G N G D T W I H P Y P N G S I F I D Y 

4801 GTGAGCGACGGTGACAGCAGGGTTTACAGGTACAGGGGTATCAGCCGGGGAGGGCAGGGAAAGCACCTGAMTO^ 4920 

V S O G D S R V Y R Y R G I S R G G Q G K H L K L D S N T T E N K T T K Q N E T 

4921 GGGGGATGACTCTGG(^GGCGGAGCCCTGCTTnGAGAAGGTATGCAGTTTTATAGAGAAGTCTGAGAGGTTCTGTACTGACAAGAAMTCTATACTCAGAAGGnTACCTGGACACCA 5040 

G G * 

5041 GGACCGCCTGTAAGCnGAGATTATCAGCTATATCGAGTCAAAGTCAAAAAGTGMCTTTCGAGGGAGGCTATTMGnATnATAGACATATATGAATCTAAAMTGGCAACATAATAA 5160 

5161 ATAAGGTGAnGAAAGCAGGATTGMTGATTAnAACCnTATTTTTTAAnTTAACTTCTTTTTGGGCCTAAAAnATGTATTATAATnAACAATATTATATTACTAGAATTCTCCAG 5280 
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5281 GAGGTGGAAMTGCATGCGTAATGGAACACTTCTGCTTGCAGCGCTGCnGCAGTTTTTATACTGGCAGGTTCATCGGCTGCGGCAGATGTGGGTGTTGMCTCGATAAGAACAACACGA 5400 

0RF51 M R N G T L L L A A L L A V F I L A G S S A A A D V G V E I D K N N T 

5401 AGCCAGTGTATAACTCGACCCTTAGGGTTMGGTCATAGCGAAGGCAGGCMTCAGAATGTGCAAAACGCCGTTGCAACTGTTAAGGTTCCCGAGGGACTGGTCCTCCAGGACTACTACA 5520 

K P V Y N S T L R V K V I A K A G N Q N V Q N A V A T V K V P E G L V L Q D Y Y 

5521 CAGCTCAGGGCTACTATGACCTCGAAACAGGTACCTGGGAAATAGGTGATATTCCCGCCTATGAGGAGAGGTCCCTGACACTTGTGTGCCTCCTCAACAGGACTGGGAATGTGACGGTGA 5640 

T A Q G Y Y D L E T G T W E I G D I P A Y E E R S L T L V C L L N R T G N V T V 

5641 CCGCCMCGTGACTGCAGATGGTGATGAGAACCCTGCCAACAACAATGCCCAGTTGAAGTTCAGGGTCAGGGGGATCGCGGACCTTGAACTCAATGTGACCAGCAGTAAACAGAGTGCCA 5760 

T A N V T A D G D E N P A N N N A Q I K F R V R G I A O L E L N V T S S K Q S A 

5761 GGCnGGTGATACGGTCACATTCAATGTGAAACTCAAGAACAGGGGCCCCCACGCTGCAAATAACATCAACGTTGCCAACTTCTTCTCAGGAGGCCTTGCGATTCAGAGTTACAGTTACA 5880 

R L G D T V T F N V K L K N R G P H A A N N I N V A N F F S G G L A I Q S Y S Y 

5881 CTACAGGTTACTTTGACGATGTGGCGAGGGAGTGGATCCTTGAGACCCTTGATACCGGTGAGGAGGCCACACTTACAGTTGTGTGCCTTGTTAACAGGACAGGTGATCTCTCTGACTATG 6000 

T T G Y F D D V A R E W I L E T L D T G E E A T L T V V C L V N R T G D L S D Y 

6001 TTTCAGTGCGTGAGGTGGATGAGGGTGATGTGAATGTCTACAACAACATAGCCCGGGCCTCAGTCGCTGTTAAGGGAACTGACCTGGACCTTGACCTCTCTGTGAGTAAACCGAGGGCCT 6120 

V S V R E V D E G D V N V Y N N I A R A S V A V K G T D L D L O I S V S K P R A 

6121 ATCAGGGTGACGTTGTCAATGTGGTCTGCCGTGTTAAGAACAATGGCCCTGAGGCCGCCCAGAATGCCAGGGTCAACCTGCAGCTACCTGCTMCCTGCAGGTCCAGAATGTGCAGGTGG 6240 

Y Q G D V V N V V C R V K N N G P E A A Q N A R V N L Q L P A N L Q V Q N V Q V 

6241 ACAGGGGCACCTACAGTAACGGTGTCTGGGTCATCGGTGACCTTGCAGACAACGAAGCAGCACTCCTCAATATAACAGCAAGGGTTGTATCAGCGGGCMCTTCACAGTGAACGCCACGG 6360 

D R G T Y S N G V W V I G D L A D N E A A L L N I T A R V V S A G N F T V N A T 

6361 CGGTTTCACCTGCAATCGACGACAGCAACCCCGTGAACAACGACGATACAGCGCTGGTATCTGCAGCGATACCTAAGAAGGCCCTCAAGGTGAGGATAAAGAACAACTCTGCGGTGACCA 6480 

A V S P A I D D S N P V N N D D T A L V S A A I P K K A L K V R I K N N S A V T 

6481 TCAGGGTGCTCTTATATGTGAACATCAATGACCACGGCAAAATCACCAGGAAGACCTACAACTTCTACCTGAAGAATGGCCTCAGCAGGGACCTCAGCCTTGGATACTTCCAGCTCGGCA 6600 

I R V L I Y V N I N D H G K I T R K T Y N F Y L K N G L S R D I S L G Y F Q I G 

6601 CCAGTGCGCTCTTCAAGCAGTACACCTACAACACCAATTACAGGCCAAGGACAGTATCCTACGAGAACACCTACAATGCCACCAGCGTCATAACCCAAAGGGTCAACGTGTCTGGGGTCA 6720 

T S A L F K Q Y T Y N T N Y R P R T V S Y E N T Y N A T S V I T Q R V N V S G V 

6721 AAGGAAGGCAGAAGGCACCTGTTGTTAGGATTGCAACACTGCTGCTTGATGAAMCGGCACATCACTACAATAAATCTACAATACATTTTTAATTTTTTAAGGTGTGGCTATGGCAGAGA 6840 

K G R Q K A P V V R I A T L L L D E N G T S L Q * 

6841 ATGATGCCCCMTAAGGAMCTCTCCAATCAAATCTATGAGGCGATAGTCGTGATGAGGCAGATAGCTGAAATGAGGAAGGAGGTTTCGCAGCATGGGTTTGATGTCAGGATGATGGAAG 6960 

0RF6' M R Q I A E M R K E V S Q H G F D V R M M E 

6961 TCCCTGGCATGMGGTTGCTATCGCAGGGGACGGGGAAGTCAACTACCTTTTCATGTTACTCCCCTTTAGGGACAAGTTTAAACTAAAAAAGCGAGATGTCTGGTTGTTCAAGAAACTTT 7080 

V P G M K V A I A G D G E V N Y L F M L L P F R D K F K L K K R D V W L F K K L 

7081 CCTATAAATTCCAGGCACGGCCTTTCATGGTAACCTTTGACAAGATGCTATCCTTCTACCCACTACACGCCCTTGAAGAAGCTGGCGAGCACTTTGAACTCGATATAAGGAATTCAAGGG 7200 

S Y K F Q A R P F M V T F D K M L S F Y P L H A L E E A G E H F E L D I R N S R 

- FR-II 
7201 GGCTGATGTTrTCTTTTGATACCATTGTGTCAGAGCAGTTGCAGCAACGGCTTGTTGTGTAGCCGCCAAAAACGCCTAGAGGGTMCCCCAGCAGGTGTTTCCCTGATTTTTTTTATTTT 7320 

G L M F S F D T I V S E Q L Q Q R L V V * 

7321 GTTTATTTGnCAACTCGTAACCTGCAAAAGCCATGTGAACAACACCAGGTCCCCACCTTCAAAAACAGACAAAATTTTCMTGMTGGTCnTTTTGTTTTATTGTGTTAAATTTGGTT 7440 

Element E • 

7441 TTTTGGGGTTCCAGCACACTATTCTTTATGCAATGCTATAACGAATGAATTAAATCATTTCTAATCTAAATCATAAAGTGTTACGTAGGGGTGGTAGAGTGATAGATAACTTTAAAGAAA 7560 

ORFX V I D N F K E 

7561 TCAGGTTAGATTTTAAAGATGAATTAAAGMGATAACCGGTAAAGAAGTAGMTTTCCCAAGTATACAACCCAAATTATAMTTTAGCAAATCAAAACGCGCAGGGTACCCGACCAAGGG 7680 

I R L D F K D E L K K 1 T G K E V E F P K Y T T Q I I N L A N Q N A Q G T R P R 

7681 TAGTAGGTCAGATGTCAGATTTGATACATGMTGCCCCGACAAGAGTTACGAAGGTTGGAAAAAATGGTATCTGGAACATTATTCTGACCGCATCGAAAAAGCAACAAAAAAGATCAGCA 7800 

V V G Q M S D L I H E C P D K S Y E G W K K W Y L E H Y S D R I E K A T K K I S 

7801 AMTGATAGAAAATATGAAAGCTGCTATGGAATTGATAGATGAAGAAATGATCAGGAAATGGGTAGAAGATTTAGTTATAACCAAAACAGCGGAAGGTCTAATAATTCAAGAAATCATTC 7920 

K M I E N M K A A M E L I D E E M I R K W V E D L V I T K T A E G L I I Q E I I 

7921 TGAAAACTATCGCTGAAGMGCAGGTCTGGAGTGGCGCnAGCAACCTCAAAAGAGGAAAGTAAAAACATTGATGGATTCATTGGATCTACACCGGTTTCCATAAAGCCCATGAGTTATG 8040 

L K T I A E E A G L E W R L A T S K E E S K N I O G F I G S T P V S I K P M S Y 

* I N L K S q R 

8041 MTCMTGCGACCCACGGTMGGGAGGAAATAGACATACAGACAATTTmACAAAMGtt^ 8160 

E S M R P T V R E E I D I Q T I F Y K K P K N S R Y L Y I Y H N L N I * 
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E K K P N V E Q Y F F E F E N N K I K K Y T R P Y Y L R I D Q E Q R T T V K F K 

8161 TCCTTTTTTGGAnGACCTCCTGGTAAAAAMnCGAATTCATTAnTTTTATTTTTTTATAGGnCTGGGATAGTATMCCGAATATCTTGncnGTCTCGTAGTAACCTTAAATnG 8280 

Y N E S Y Y K G N K E R I F E I H O N I R R M V I E N S L K L T E N I R S E I L 

8281 TAGTrTTCCGAATAATAnTCCCATTTTTTTCTCTMTAAACTCTATATGATCATTTATCCTCCTCATGACGATCTCAnAGATAAnTCAAAGTTTCAnTATTCTTGATTCTATCAAG 8400 

D K F N H D L E Y G I S N R G A C A A A I M T T G T G L F P D L V W D G M I S Y 

8401 TCTTTGAMTTGTGGTCTAATTCATAACCTATTGMTTTCTTCCTGCG^ 8520 

M N I L R Y A L E F P Y A A A R K R L N K H N L R Q S V G T L D T W V D S F W Q 

8521 ATGTTTATTAACCTATACGCAAGTTCAAAGGGAfAGGCTGCCGCTCTTTTTCTTAAATTTTTATGATTTAGTCTTTGAGAAACTCCTGTTAAGTCAGTCCAMCATCAGAAAACCATTGG 8640 

N R E E W F Y A S E R R L K R E E E T K F Q R P G E K R F I I I Y E H E H T V Y 

8641 TTGCGTTCTTCCCAAAAATMGCGCTTTCCCTGCGCAATTTTCTTTCTTCTTCTGTCTTAAATTGTCGAGGACCTTCTTTTCTAAATATCAAAATGTATTCATGTTaTGGGTGACGTAA 8760 

A N P P L M G S G M F K T P K N S Q K R W I I F P L V Q Y G R D F F F D I T R V 

8761 GCATTCGGAGGAAGCATTCCAGACCCCATGAACTnGnGGTnGTTAGATTGTTTTCTCCAAATTATAMTGGTAAAACTTGATATCCCCTGTCAAAGAAAAAATCAATTGTCCTGACA 8880 

H N P Y L Q F K K G I K R T A D G I N I I V V G G P A T V R D V E H W V K E L E 

8881 TGGTTAGGGTATAATTGAAACTTTTTACCAATTnCCTTGTAGMTCCCCTATATTAATGATCACCACACCTCCAGGTGCAGTTACCCTGTCGACTTCATGCCATACCTTTTCCAATTCT 9000 

E H M L N Y S R L G D E E D I L T E E I K P N L E S F L R D W I E V H P Y P P S 

9001 TCATGCATTAAATTATAAGACCTCAATCCATCTTCTTCATCTATCAGAGrrrCTTCAATTTTAGGGTTCAGTTCAGAAAAAAGGCGGTCCCATATTTCAACCATAGGATACGGAGGAGAC 9120 

T V V L N I S K D K L E N M D A S N K F Y I R H T T K M mthZIM 

9121 GTGACAACAAGAnAATGCTTTTATCTTTCAATTCATTCATATCAGCAGAATTTTTAAAATAGATTCTATGTGTAGTTTTCATGGTTCCCTCTTTTTATnTTTTAGTGTGGATATTnT 9240 

9241 TTAGTGTGGAMTCCTTTCMGAGAGTATAMTCAGAnATTATAATGAATGCTTTCTTTTACTTTAAMTnCTTTACTTTAAMTTTCCCCCAATCTTCTATTATTTTATCTTTATTT 9360 

^ « Element E 

9361 ACTTTATTTTATTATACAGTAGAATAAAATATATTATAATATTTTCTATTGGATACTATTAATTATATATTGTATAAGTTAATAGTATACTATATGAAGTATCTTGAGTCAGATATAAAG 9480 

9481 TGCTATACTCGCAMTACAAMGAAAAAACAAGGMTACAAGACCGTTCAGCATATMTAAGTTW^ 9600 

9601 ATCAAAAMCCTGATTTTAAATTACTMGAGACATCTTGGAAAAATATGACMTGACTATCAMGAGAAAACAGAATTACAGGATCAGATAGATGAACTGCAAGTAGAATTCAATAAGCT 9720 

0RF7' M T M T I K E K T E L Q D Q I O E L Q V E F N K L 

9721 ACAAAACAMTATMGCATATAAAATCTCTTCTAGACAAAAAAGAGAGAGAAGTTMCTACTTGGAGMCGAAGTCAAAAGACTTCAGAACAGGGGGATTATTGAGATATTGTTAGAAM 9840 

Q N K Y K H I K S L L O K K E R E V N Y L E N E V K R L Q N R G I I E I L L E K 

Element F • 

9841 ACTTAGAMGAAAAAAGCCATTGMGGGGMGTTGAATACAGCAGGTAGTGGTTCTCTTGTTGTCAATGTCGTCIAAACCATTAACTGATATCGTAGTTAAAGTATGCAAGGACAAGGAT 9960 

I R K K K A I E G E V E Y S R * 

0RF12 V V L L L S M S S K P L T O I V V K V C K D K D 

9961 GAAAMGATGAAAMGAGCTCATMTAGAAMGGATCTTGTTGTTTCTATAAATATGGGTGCTGMGGAACTGMTTGAACATCMGGCTCCTAAAAGCAAMTAGATAAATTM 10080 

E K D E K E L I I E K D I V V S I N M G A E G T E L N I K A P K S K I D K F M Q 

10081 TTTTTTGCAGAAMTGAAAATAAMTGCTTCGCTTATCAGTAAAAACCAGTCAGGAAGATATTTTAGAATATTATAGTGGATCTACATACCTCCTTATAGAGGGACnGGTGTTTTGGAG 10200 

F F A E N E N K M L R L S V K T S Q E D I L E Y Y S G S T Y L L I E G L G V L E 

10201 GGAGATCCAGCGAACTTAATTCTTTATTTGAATTATTTATAGGATTTAATAATCTACCCTTGAAGACACAGAGAGTAAATTGCGAATTGTAACGAAACCCTCCCCCCTCACAGGAGACAG 10320 

G D P A N L I L Y L N Y L * 

10321 AGAGTAAATTGCGAATTGTAACCAGAAACCAAGGTCCTGCTAACATGACCAACTACACTAACTAAGCCCAAGACAAACCCAAAACCGCAACCCTGTACTGTCATCTGTCAGAGAGAGGCG 10440 

10441 TTGTTCAACTGCAAAAAATATTTATTACAAAAAMTCAMCCTTTCATATATAAAAMTTTTCAAGGTTTTTTTGTATGGCGAAGTAAAAGAGGAGTTGAACAGGAAGACCTTGCCTGTT 10560 

10561 TTTACTACAGGTTCATGCCCTTGTCCCTGTTACAAGTAGAAATTCACTCTCTGTCTCCCGGGCMTGGGGTTGTTTTTTGTTACAAGTAGAAATTCACTCTCTCTGTCCCACCGTGGGCC 10680 

• M Y F Y P K S N Y L Q I A P L Q 

10681 CATGTGCTTATATAGAAATTTGGTATTAATTCTTTTCAATTAGAAACATATATACAATAAGAAGTTAGGATTACATATAGAAATAAGGTTTCGAATTGTAAAGTTGTATTGCGGGGAGCT 10800 

L H K L L S R F K E F V P I D E A R Q K Y R V G Q L V P I F L H T S D A L V Q P 

10801 GCAGATGTTTGAGAAGAGACCTAAACTTTTCAAAAACAGGGATGTCCTCAGCCCGTTGTTTGTACCTGACACCCTGCAGGACAGGAAGGAAGAGGTGGGTGCTATCAGCCAGTACCTGGG 10920 

0RF1 1 M F E K R P K L F K N R O V L S P L F V P D T L Q D R K E E V G A I S Q Y L G 

V D E V A G G W W V Q Q N Y P G W S R P L G D R R L I H D V F 

10921 GTACATCCTCGACGGCGCCACCCCACCACACCTGTTGATTGTAGGGCCCCCAGGATCTGGGAAGACCGTCACGACGAAGTATGTGATCAACGAA 11014 

Y I L D G A T P P H L L I V G P P G S G K T V T T K Y V I N E 
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Appendix C 

Complete nucleotide sequence of cFR-II from M.thermoformicicum CSM3 (EMBL 
accession number X69114; see also Chapter 6). 

f c « I cFR-II » 
1 GAAHCACAAACCCMGCCTCCATCTCAGGATCACCAACCCACAGAGGGACACâ ^ 120 

121 ACAGmATCACMGTACTGCACTAAGCCGGGGCCGMGCGTAAGGTTAGG 240 

241 TATCGATGATGTGGTGMGnCATATCGAAGCTGGATTATGATCACGGCAAGAAGATATO^̂  360 

361 TGAGGAGAGGTCtmAGTGACATCTCGCGGAGGGCTATTCAGATGATGATAGATGAnA^ 480 

481 GGGCCCnGCAGCGGnCCATCCCCATTTAmTTTCTTATGTAACTO^ 600 

601 TCCAGTGTGAATAACATAGGAGGTGAAACATGCGAAGTGCTAAATTCGTTCTTGCAGCTCTCCTGGCCATCTnGnCnGCAGGTTGATCGGCTGCAGCGGATGTAGGCATTGAACnG 720 

721 AÎ GAACATGAaGACGGGAGCGCAATAAAGCCGACGTACAATTCGACGATGAAMTCAAGGCCATAGTGAAGGCTGGTMCCAGGACGnCAGAATGTGACTGCMCGG 840 

C01F5 H T O G S A I K P T Y N S T H K I K A I V K A G N Q D V Q N V T A T V R L 

841 CTGAGGGCCTCGTACTCCAGGACTACTACATGAGC<mGATACTATGAK 960 
P E G L V L Q D Y Y M S Q G Y Y D L E T G T W E V G D I P A Y E E R S L T F V C 

961 TGCTGMCAGGACTGGtmAmCTGTGAACGCCAGTGTMCAGCTGATGGGGATGATAAW^ 1080 
L L N R T G S I T V N A S V T A O G D D N S A N H N A E L G F K V F G I S D L Q 

1081 nMCGTCACGAGCMTAMCAGACCCMCGGCTCGGCGAAACTGTGAGACTGACGGnAMCnAAAAACAATGGCCCCCATGACGCGAACMTGTCAAffi 1200 

L N V T S N K Q T P R L G E T V R L T V K L K N N G P H D A N N V K V G H F L S 

1201 GCGGACTCGTCGTGCAGAGTTTCAGCTATGATGCCGGCTACnCGATGACCT6ACA^ 1320 

G G L V V Q S F S Y D A G Y F O D L T K E W V F O T L A A S E E A T L T L D C L 

1321 TCAACAGGACAGGTGMCTCTCAGACTATGmWTMGGGAGGTCGATGAGGGCGACAC^ 1440 

V N R T G E L S D Y V S V R E V D E G D T N V Y N N M A R A T L S V R G T D L O 

1441 TCGACGTTTCAGCGAGTMGACAAGGGCCTATCAGGGTGATGTGATCMTGTOTC^̂  1560 

L 0 V S A S K T R A Y Q G D V I N V I C R V K N N G P E N A Q N V I V N 1 . Q L P 

1561 TGAACCTACAGGTCCAGAACGTCCAGGTGGACAGGGGTACnACAGTAACGGCMCTGGTCCATCGGTGATCnGCAGACMTGAMCAGCGCnCTCAACATCACTGCAAGGATTGTGT 1680 

V N L Q V Q N V Q V D R G T Y S H G N W S I G O L A D N E T A L L N I T A R I V 

1681 CTGMGGTAACTTCACAGTGAACGCCTCTGCAGTCTCATCTGOWnGAT^^ 1800 

S A G N F T V N A S A V S S A V D D S N S V N N D D T A M I S A A V P K R A L K 

1801 T(̂ GATAMGAACAACTCTGCAGTGACGATCAGAGTACTCCTATATGnACAGTCMTGATCACGACAAMTMCCAGGAAGACCTACAACnCTACCT 1920 

L K I K N N S A V T I R V L L Y V T V N O H O K I T R K T Y N F Y I K K G L S R 

1921 MCTCAACCnGGGTACnCCAGATCGGTACMGCGCCCICTTCAAGCAGTA^ 2040 
E L N L G Y F Q I G T S A L F K Q Y T Y N T N Y R S R T V A Y E N I Y N S T G V 

2041 GGACACAGAGGGTGAGCGTCAGTGGTGTGAMGGAAGGCAGMGG<mTGTGGTGAGGCTAAW^ 2160 

R T Q R V S V S G V K G R Q K A P V V R L T T L T F D E N G S N I Q * 

2161 TTTTnGGGAGGTAAAnATGGATATAGMSATGCTAAAAAGATGGCnCCCTGCTGGAMTTAAAAATGAGCTAMGGAATATGATTnGAM 2280 
2281 ATOCMTAGCTGGAGATGGTGAAACGACATATCTATT(»TMTGnAnGCC™^ 2400 

2401 AAGGCAAACCATACAmTGACCTACMTATCATGACMCGATATATCCnTAC^ 2520 

- cFR-I I 

2521 TTTTGGTACAATAGTCTCAGMGAATTGCAGGAAAGACTTGCAGmGAACATTO 2640 

2641 TTAGTGATCAAAGGTTTTGATCATCACAAATCAAA 2675 
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